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ABSTRACT
Models for the prediction of time-temperature relation­
ships and nutrient retention during thermal processing of 
convection heated canned products were developed and 
verified experimentally.
A non-dimensional relationship for the prediction of the 
internal heat transfer coefficient for Rayleigh numbers 
between 10^ and 1 0 ^  was presented: Nu = 1.523 (Gr Pr)^‘^ .  
This equation makes possible the prediction of the temper­
ature at the center of the can during processing. Seven 
experiments were conducted to determine the validity of the 
model. Good agreement was found between the predicted and 
the experimental temperatures in the region of high 
lethality (above 210CF).
The model for nutrient retention was developed combining 
the convection heat transfer equations, based on an internal 
heat transfer coefficient, and the first order reaction 
kinetics equation assumed for nutrient degradation. The 
model was verified for various product pHs, can sizes and 
processing parameters. A simulated food consisting of phos­
phate buffer containing thiamine was employed for the 
experiments. In all the cases studied, the theoretically 
predicted values of thiamine retention after thermal
xi
processing were within the 9 5% confidence interval of the 
experimental values. The predicted values were obtained 
by the simulation of the thermal processes in a digital 
computer, utilizing a program developed for this model. 
These results demonstrate the accuracy of the model in 
predicting nutrient retention in canned products heated 
by natural convection.
The model may be also employed to estimate lethality 
and to optimize the retention of nutrients which follow 
first order kinetics of thermal degradation, in other 
canned food products heated by convection.
INTRODUCTION
The thermal processing of foods has as a primary objective 
the inactivation of the microorganisms capable of spoiling 
canned foods or endangering the health of the consumer. Be­
sides this favorable effect, the thermal treatment causes 
other changes in foods, such as the destruction of thermo- 
labile nutrients and other quality or organoleptic factors.
The understanding of the heat transfer mechanisms and the 
microbiological aspects related to canned foods is essential 
for the proper design of heat processes in the food industry. 
The thermal processing of canned foods depends on the charac­
teristics of the food and the thermal resistance of the micro­
organisms involved. Heat penetration is influenced by fac­
tors such as the geometry' of the container, the physical and 
thermal properties of the food and the characteristics of the 
heat source.
Many studies related to the microbiological and technical 
aspects of the thermal processing of canned foods have been 
presented or abridged in the literature (Ball and Olson,
1957; Hersom and Hulland, 1969; Stumbo, 1973)• Important 
factors such as the kinetics of the thermal destruction of 
microorganisms, heat transfer mechanisms and thermal process
calculations have been gathered elsewhere (Anon., 1 9 6 7-a; 
Anon., 1967-b).
Jackson and Olson (19^0) studied the mechanisms of heat 
transfer in canned foods. Three different mechanisms were 
found: conduction, convection and mixed convection-conduc- 
tion. The mode of heat transfer within a product depends 
greatly on its physical characteristics (Jackson, 19^0). 
Foods such as fruits packed in syrups or water, vegetables 
in brine, meat and seafood packed in brine, the majority of 
the fruits and vegetable juices, soups and evaporated milk, 
present mechanisms of heat transfer by convection. As the 
size of the solids increases, or when they become more com­
pact, the heat transfer tends to occur by conduction or by 
mixed convection-conduction mechanisms. Among the foods 
heating by conduction are the fruits and vegetables packed 
in a little amount of liquid, concentrated or creamy soups, 
meat and seafood products solidly packed and the viscous 
juices. It may be observed that convection heated food pro­
ducts represent an important fraction of the market of can­
ned foods.
Heat transfer during thermal processing of canned foods 
is un-steady state in nature. Un-steady heat transfer by 
conduction has been extensively reviewed in the literature 
for different initial and boundary conditions and various 
geometries. Various workers (McAdams, 195^; Carslaw and 
Jaeger, 1959; Kreith, 1973) have presented solutions for dif
ferent cases. Gurney and Lurie (1923) developed graphical 
solutions for specific initial and boundary conditions for 
a.slab, sphere and cylinder. Olson and Shultz (19^2) formu­
lated another method to solve the heat equation for twelve 
solids of different geometries and initial and boundary 
conditions, employing tables calculated by the authors.
The evaluation of heat penetration data in canned foods 
is essential for the design of thermal processes leading to 
the commercial sterilization of these products. This kind 
of data is usually obtained from experimental runs, although 
it is possible to predict time-temperature relationships in 
some cases related to products heated by conduction. Olson 
and Jackson (19̂ -2) studied the parameters that characterize 
the heating curves of canned foods and the factors affecting 
these parameters. In the same way, equations were obtained 
from heat penetration data for the determination of the 
thermal diffusivity of canned products heated by conduction.
Conduction heat transfer in canned foods has been reported 
in some detail in the literature. Among others, the follow­
ing authors can be cited: Ball (1923)* Hurwicz and Tischer 
(1952), Gillespy (1953)* Evans and Board (195^)* Ball and 
Olson (1957). Evans (1958)* Hayakawa and Ball (1 9 6 8), Hayaka- 
wa (1 9 6 9-a), Hayakawa and Ball (1 9 6 9-a), Hayakawa and Ball 
(1969-b), Hayakawa (1970), Flambert and Deltour (1971), 
Hayakawa (1972), Leonhardt (1976-a), Leonhardt (1976-b) and
Merson et al. (1978). These studies were developed for 
constant heating temperatures. Other works for variable 
heating temperatures for foods heated by conduction were 
conducted by Hayakawa (1971* 197*0* Heat transfer in 
foods containing particulates was analyzed by Ruyter and 
Brunet (1973)* Several mathematical models for the 
theoretical prediction of nutrient retention in products 
heated by conduction have been developed.
The case of convection heating of canned foods is not 
as simple as the conduction one. The understanding and 
capacity to predict time-temperature relationships and 
nutrient retention during thermal processing are far from 
being complete. Contrasting with the relatively abundant 
information presented in the literature for products heated 
by conduction, little research has been conducted on products 
heated by convection. Jackson (19**0) pointed out that al­
though convection heat transfer had been studied in consid­
erable detail by that time, an adequate quantitative theory 
to predict time-temperature relationships in canned foods 
heated by convection, had not been formulated. A similar 
observation was presented by Charm (1971) and Desrosier and 
Desrosier (1977), who pointed out that the mathematical 
aspects concerning convection heated canned foods are scarce.
A few studies have been presented for the prediction of 
time-temperature relationships and nutrient retention during
5
thermal processing of products heated by convection.
Stevens (1972), Bimbenet and Duquenoy (197̂ +) and Hiddink 
et al. (1 9 7 5) have presented models for the prediction of 
heat transfer by convection which could be used for lethality 
and nutrient retention calculations. None predicts 
accurately, in general form, nutrient retention during 
thermal processing. The model of Bimbenet and Duquenoy 
(197 )̂ gave good results for the prediction of time-temper­
ature relationships for the particular case where perfect 
mixing exists.
Therefore, the objectives of this research were:
1. The development and experimental evaluation of a 
mathematical model, based on dimensional analysis, for the 
prediction of time-temperature relationships in canned 
products heated by natural convection.
2. The development and experimental evaluation of a 
mathematical model to predict nutrient retention in canned 
products heated by natural convection during their thermal 
processing.
REVIEW OF THE LITERATURE
Convective Heat Transfer
Convective heat transfer not only depends on the flow 
properties of the fluid, but also on its thermal proper­
ties. The fluid in the region near to the heated wall 
presents a temperature gradient from the wall temperature
(T ) to that of the bulk central mass (T). This region is s
called the thermal boundary layer and is relatively narrow 
as compared to the width of the bulk region (Heldman, 1975)* 
Detailed studies about the mechanisms of natural convec­
tion in vertical surfaces were presented by McAdams (195*0* 
The equation governing this phenomenon under these conditions 
is s
dq = U A dT (1)
The overall heat transfer coefficient (U) during the thermal 
processing of foods in cans is practically equal to the 
internal coefficient (hc) (Jowitt and Mynott, 197**'). The 
thermal resistances in the side of the heating medium (usual 
ly steam) and that of the metallic can wall are neglegible 
in relation to the internal resistance. The evaluation of 
the internal heat transfer coefficient is required for the 
estimation of heat transfer rates using equation (1 ).
The factors affecting natural convection in vertical sur­
faces were first studied by Lorenz in 1881 (McAdams, 195*+) •
These factors were discussed by King (1932). It was assumed 
that the thermal boundary layer receives heat by conduction 
from a vertical surface at constant temperature and that 
there are no horizontal components of the velocity profile. 
The non-dimensional numbers of Nusselt, Grashof and Prandtl 
were related by the equation:
(hcL/k)= 0.5^8((L3/92g/3AT/r 2 )(Cpf/k)) 0 , 2 5  (2)
Equation (2) is completely general for any fluid. The non- 
dimensional numbers mentioned previously are defined by the 
following equations:
Nu = (hcL/k) (3)
Gr = (L3p2g^AT/^2) (4)
Pr = (Cp^A) (5)
The product of the Grashof and Prandtl numbers is known as
the Rayleigh number.
Many researchers related these numbers for different prod
ucts in vertical flat and cylindrical surfaces-. These data
were gathered by McAdams (195^)# who recommended the use of
the following equation for steady-state heat transfer:
Nu = a (Gr Pr)*3" (6 )
in which, a = 0.130 and b = 0.333 for values of the Rayleigh
0 12number between 107 and 10 , and a = 0 . 5 9  and b = 0 . 2 5  for
II Qvalues between 10 and 10 . In the case of horizontal cylin 
ders, the substitution of the value of L in the Nusselt and 
Grashof numbers for the diameter of the cylinder was reco-
mmended. All the physical and thermal properties of the 
fluid must be estimated at the boundary layer temperature 
( T f ) ,  employing the equation:
Tf = (Ts * T)/ 2 (7)
aFor values of the Rayleigh number greater than 10 , Heldman 
(1975)» suggested values of a = 0.021 and b = 0.^0. All the 
equations cited hold only for newtonian fluids, which are 
homogeneous in composition.
As Jowitt and Mynott (197*0 pointed out, convection cur­
rents occur in fluids when unequal gravitational forces, due 
to the non-uniform densities caused by differences in temper 
ature within the container, overcome the internal resistances 
in the fluid. Convection currents are present during heating 
and cooling, resulting in a faster rate of heat transfer as 
compared with conduction. Knowlwdge of the flow pat­
terns and the temperature gradients in food containers is 
important for the understanding of the heat transfer process.
Lighthill (1952) developed mathematical methods for 
predicting the flow and heat transfer due to free convection 
in heated vertical tubes with a closed bottom and opened top. 
The theory was extended to tubes closed at both ends, with 
one end heated and the other cooled. The differential equa­
tions for conservation of mass, energy and momentum were 
presented and solved for these particular cases. Three flow 
regimes, termed as boundary layer flow, nonsimilarity flow 
and similarity flow were predicted for laminar and turbulent
flow. For laminar flow and sufficiently high values of the 
Rayleigh number, flow of the boundary layer type was pre­
dicted, with a core of cold fluid moving down in the center 
and a hotter fluid raising in the hot wall forming a boundary 
layer. It was pointed out that for the flow inside a verti­
cal cylinder, the curvature of the wall does not affect the 
validity of the boundary layer approximation for small 
length to radius ratios. In this case, the phenomenon is 
equivalent to that of a vertical plate with infinite medium. 
The non-similarity flow araises as the Rayleigh number de­
creases, due to the interaction between the boundary layer 
and the core flow. The heat transfer is lower than in the 
first case. If the Rayleigh number is reduced further, 
the heat transfer is decreased and the velocity and temper­
ature profiles become similar at each cross section, being 
the fluid in part of the tube at rest or under negligible 
motion. For this analysis two modified Grashof numbers 
were employed, one based on length and the other on the 
radius of the cylinder.
Hartnett and Welsh (1957) studied free convection heat 
transfer in vertical tubes closed at the bottom, with a 
length-radius ratio of 21, with uniform wall heat flux. It 
was found that the results for the heat transfer performance 
for fluids other than metals were equivalent to those for 
uniform wall temperature obtained by Martin and Cohen (195*0 •
The- effect of length to radius ratio and tube inclination
was analyzed by Larsen and Hartnett (1961). The quantitative 
effect of the angle of inclination and the length to radius 
ratio on heat transfer for uniform wall heat flux was studied 
for water and. mercury in a cylindrical enclosure closed at 
the bottom end and open to a cooled reservoir at the top.
It was determined that the inclination of the tube resulted 
in a considerable decrease in the temperature fluctuations 
and a corresponding increase in the heat transfer rate above 
that observed with the tube axis placed in vertical position. 
The heat transfer rate for the longer tube (larger length- 
radius ratio) reached values 75%> higher than in the shorter 
tubes.
Natural convection inside horizontal cylinders was studied 
by Martini and Churchill (i960). In their experiments the 
two vertical halves of the wall of the cylinder were main­
tained at different uniform temperatures. The problem could 
not be properly solved, at that time due to limitations of 
the computer available; however, the velocity field obtained 
experimentally yielded a numerical solution for the temper­
ature field in good agreement with the experimental measure­
ments .
Heliums and Churchill (1961) presented a method for 
determining the minimum number of non-dimensional groups 
involved in the natural convection problem in an isothermal 
vertical plate of infinite width and semi-infinite length.
A mathematical model for natural convection was developed and
the equations for conservation of mass, energy and momentum 
were presented. The dimensional analysis of a simplified 
representation was illustrated. The variations of viscosity, 
thermal conductivity, heat capacity and density with respect 
to temperature and pressure were neglected in the analyses. 
Jakob (19^9) presented a procedure of dimensional analysis 
which does not indicate the possibility of reducing the 
number of independent variables involved in the process as 
in the method of Heliums and Churchill (1961).
Numerical values for the transient velocity and temper­
ature fields and local heat transfer coefficient were pre­
sented by Heliums and Churchill (1962) for an isothermal 
vertical plate and for a horizontal cylinder. These authors 
claimed that their results for the vertical plate were 
apparently the first complete solution for transient free 
convection in any geometry. It was pointed out that the 
good agreement between the numerical solution and previous 
solutions for short times and the steady state gives credence 
to the results for intermediate times. In their work, the 
temperature of the plate, immersed in a fluid at a given 
initial temperature, was suddenly raised and kept constant 
at a higher value. This change induced a motion of the 
fluid. The conservation of mass, energy and momentum in the 
fluid was described by non-dimensional equations, which were 
solved for the un-steady state for a Prandtl number of 0.733* 
In the same way, numerical values for the transient and
12
steady state temperature field, velocity field and local 
heat transfer coefficient within an infinitely long ho­
rizontal cylinder with vertical halves of the wall at 
different uniform temperatures were presented. It was 
found that the transient motion was quite complex and the 
local heat transfer coefficient decreased to a minimum, 
increasing later to a maximum until the steady state value 
was obtained.
Evans and Stefany (1966) performed an experimental 
study of transient heat transfer in cylindrical enclosures, 
studying vertical and horizontal cylinders whose length to 
diameter ratios ranged from 0 . 7 5  to 2 .0 , filled with either 
water, n-butanol or water-glycerine mixtures. Attention was 
focused in the mixed mean temperature of the fluid. Dimen­
sional analysis, as suggested by Heliums and Churchill (1961) 
for the equations of conservation of mass, energy and momen­
tum, was done. An inside heat transfer coefficient was de­
fined using equation (1) and the equation for the rate of 
heat absorbed by the fluid. A similar set of equations was 
presented by Shultz and Olson (1938)* The fluid properties, 
the enclosure size, shape and orientation, and the thermal 
perturbation of the wall (form 20 to 50°C during heating 
and from 50 to 20°C during cooling) were varied. The heat 
transfer coefficient remained constant during most of the 
transient period. All calculated heat transfer coef-
ficients were correlated using the equation:
Nu = 0.55 (Gr Pr ) 0 , 2 5  (8 )
All physical properties were evaluated at the wall 
temperature and the instantaneous temperature difference in 
the Grashof number (4) was the initial difference after 
heating or cooling was started. This correlation covers 
Prandtl numbers from 7 to 7000 and Rayleigh numbers from 
6x10^ to 6x10^. A value of 0.55 for the constant a of 
equation (6 ) was obtained, in contrast with the value of 
0-59 recommended by McAdams (1954) for steady state heat 
transfer by free convection in vertical plates and cylinders.. 
The height of the liquid surface (L) was taken as the 
characteristic length for heat transfer in equations (3 ) and 
(4).
Schwind and Vliet (1964), using Schlieren's and shadow- 
graphic techniques, studied the natural convection and 
stratification phenomena in a vessel with heated sides. A 
constant heat rate of approximately 1 Btu/ft2 sec was used. 
When heating starts»there is not a noticeable motion of the 
fluid. After a short time, the boundary layer fluid starts 
flowing from the comers out across the surface. These 
layers meet at the center of the tank where a plug moving' 
downwards into the unstratified liquid is formed. This 
movement is arrested and reversed by buoyant effects. The 
warmer liquid in the plug, with a lower relative density, 
moves upwards and spreads outwards to form a stratified
layer. This initial stage is called the initial transient 
heating period. The thickness of the boundary layer is con­
stant and does not change with position along the heated 
wall. As the buoyant forces increase, the fluid near the 
wall starts moving, being the thickness of the boundary 
layer influenced by the fluid history. The next stage is 
termed quasi-steady state stratification. Between the 
stratified region and the upwards moving boundary layer, 
a layer of fluid moving down and inwards can be noticed.
This liquid is called the reverse shear layer and its 
strength diminishes as stratification progresses and as the 
boundary layer moves further into the stratified region. 
Meanwhile, the boundary layer gets thinner as it traverses 
the stratified region and loses mass to the reverse shear 
layer. The base of the stratified region is better defined 
as the heat flux increases, being flat at high heat fluxes. 
At lower heat fluxes, it tends to get mixed with the un­
stratified region. Near the surface, the streamlines move 
inward and toward the center, turning downward and then out­
ward for a short distance. Most of the mass reaching the 
surface comes from near the bottom. The stratification is 
basically a transfer of mass through the boundary layer from 
the bottom to the top of the vessel with a slow descent of 
the stratified fluid.
Stratification with bottom heating was analyzed by Vliet 
(1966). A steady state temperature profile is approached
which has essentially a uniform temperature in the lower 
portion of the fluid and a stratified layer above. Bottom 
heating increases the energy of the unstratified layer, 
while wall heating increases the energy of the stratified 
mass.
Wilkes and Churchill (1966) presented a study of the 
natural convection of a fluid contained in a long horizontal 
enclosure, utilizing a finite difference method to solve the 
differential equations involved. The results were in ex­
cellent agreement with an existing analytical solution.
Convective Heat Transfer in Food Containers
The first theory for convection heating of canned foods 
was presented by Shultz and Olson (1938)* In foods heated 
by convection a raise of the temperature at the center of 
the can is caused by mass transfer from the warmest parts 
of the container to this point. Convection heat transfer 
is always accompanied by some degree of conduction, the 
convection term covering the composite effect. Perfect 
convection represents the limit case, in which, the 
convection streams within the can are so fast that all the 
parts of the liquid are at the same temperature at a given 
moment (Jackson, 19^0).
Blaisdell (19^3) and Charm (1971) indicated that the 
experimental data obtained for the temperature distribution 
during thermal processing of canned products showed that 
the temperature of a great portion of the liquid surrounding
the central core was practically uniform. This fact was 
also presented by Stumbo (1973)» who suggested that the 
temperature at the geometrical center of the can is repre­
sentative of the average of the whole container and therefore, 
this point should be considered for the heat penetration 
studies in convection heated canned products. However,
Jowitt and Mynott (197*0 found this point of view theo­
retically unsound, since no experimental evidence was pre­
sented to support this assertion, pointing out that as the 
convection currents decay, a radial temperature gradient is 
established, consequently the axial temperature is less than 
the true bulk average temperature.
Merril (19*+8) formulated equations for the calculation 
of heating rates in glass containers which take into account 
the thermal resistance of the glass wall. A comparison of 
the heating rates between glass and tin containers for one 
and five percent bentonite suspensions was performed by 
Towsend et al. (19*+9) . It was found that for equal sizes, 
jars heated slower than cans. This effect was less pro­
nounced for smaller containers when the five percent 
bentonite suspension was employed.
The time-temperature distribution patterns in glass jars 
for a one percent bentonite suspension, heated by convection, 
as well as the FQ values distribution diagrams and a study 
of the distribution of convection currents in the container 
during thermal processing were discussed by Fagerson and
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Esselen (1950). Upon heating, the internal currents ascend 
along the inner surface from the bottom to the top, forming 
a slow descending central plume which reaches the bottom of 
the jar after a short period. After heating for five minutes 
at 6 3 CC, these currents moved about three quarters of an 
inch from the bottom. The height and the velocity of the 
ascending currents close to the wall progressively decreased 
with time. The lowest temperature in the jar appeared to 
be located in the region approximately three quarters of an 
inch from the jar wall. In the vertical central axis the 
lowest temperature appeared to be near the bottom of the jar. 
The Fo distribution during processing showed that the portion 
of the container above a horizontal plane through the cold 
zone was overprocessed while zones in the lower planes 
appeared to be underprocessed. Stumbo (19^8, 19^9) discussed 
the practical effects of this observation, pointing out 
that because of the convection currents, the fluid medium 
tends to circulate, so that a particle of fluid would be 
subjected to varying lethalities depending on its location 
and velocity.
Nicholas et aJL. (1957) determined f^, j and F^00 values 
of sterilization for packed pickled products. The effects 
of jar size and liquid to product ratio were studied. The 
jars with a larger surface to volume ratio and smaller 
diameter were the more favorable for heat transfer. An
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increased pickle to liquor ratio _ resulted in an increased 
lag factor, decreasing the sterilizing value.
The phenomenon of product induced stratification in 
syrups in which the concentration gradient of soluble solids 
resulted when foods high in water and low in solids were 
placed in sugar syrups for heat processing was reported by 
Mulvaney et al. (i9 6 0). Nicholas et al. (1 9 6 0-a) showed 
that this pehnomenon was capable of retarding convection 
currents within the container and mathematically proved 
that convection could be prevented for certain combinations 
of syrup concentration and temperature, due to the fact 
that the density is a function of these two variables. The 
effect of product induced stratification in water-syrup 
layered systems was analyzed by Nicholas et al. (1 9 6 0-b).
It was shown that the syrup alone was not responsible for 
the slow heating regions observed in the zones just under 
the boundaries between water and syrup. It seemed probable 
that convection takes place to some extent within each 
liquid layer, but there is no exchange of liquid across the 
boundary, except for the small amount transferred by diffusion.
Blaisdell (I9 6 3) studied the natural convection in li­
quids thermally processed in unagitated food containers. The 
work was performed for several fluids, several sizes of glass 
containers and one size can. For large temperature diffe­
rentials during heating, a turbulent boundary layer and a 
laminar core flow were observed. The horizontal temperature
profiles were indicative of an off center "cold point" 
near the heel of the container, which appeared to move from 
the bottom to the center as heating proceeded. Other "cold 
points" were observed at stagnation points and vortex centers. 
A procedure was presented to determine external film 
conductances for bodies heated under transient conditions 
using metal cylindrical cans. The results compared favorably 
with the predictions for finite plates and cylinders. The 
effects of film and container conductances on the parameters 
fh and j were illustrated for the conduction and convection 
cases.
Videv (1971) formulated equations for estimating steri­
lizing values of canned products heating by convection, 
employing a graphic-analytical method. The formulae were 
deduced separately for three phases of change of the external 
mediums linear come up time, constant steam temperature and 
linear cooling.
Jowitt and Mynott (197^) examined the factors affecting 
heat transfer in foods heating by natural convection in 
enclosed cylindrical spaces. Water and 60% sucrose solutions 
heated by steam at atmospheric pressure in a cylindrical 
container provided with an expansion tube were studied.
The bulk temperature increased logarithmically for most of 
the heating period, decreasing the rate of change when the 
retort temperature was being reached. The bulk temperature 
was always higher than the temperature recorded in the
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geometrical center, which in terms, was higher than that 
in the slowest heating zone near the bottom of the container. 
The overall heat transfer coefficients were estimated from 
the bulk temperature history. The external heat transfer 
resistance and the wall resistance were showed to be 
negligible in comparison with the internal resistance 
during the heating period. For each interval of time, the 
Nusselt and the corresponding Rayleigh numbers were calcu­
lated, taking the internal height of the can as the char­
acteristic linear dimension (L) for heat- transfer. From 
the beginning of the heating period until the bulk temper­
ature reached 7*5 °C below the retort temperature, the 
Nusselt number was apparently independent of the Rayleigh 
number and had a constant value. Further heating induced 
a decrease in the Nusselt number as the Rayleigh number 
decreased. It was stated that for each can-food combination 
there is a single value of the Nusselt number which re­
mains constant during most of the heating process, in­
creasing with the liquid height but apparently not affected 
by the aspect ratio. Data for the Nusselt and Rayleigh 
numbers obtained were presented, but they were considered 
insufficient for regression analysis. It was pointed 
out that the existing relationships to predict heat transfer 
coefficients for simple surfaces are inadequate for canned 
foods, probably due to the distortion of the convection 
currents in the can. The patterns of flow were also visua-
lized. Similar patterns to those previously described 
were reported.
The thermal processing of liquid canned foods for 
convection and broken curve heating were mathematically 
modeled by Stevens (1972). Two dimension symmetric 
natural convection for a newtonian fluid with variable 
viscosity was considered. The equations for continuity, 
conservation of energy and momentum were presented in non- 
dimensional form, with the Prandtl and Grashof numbers as 
parameters. The system was simplified and solved by numeri­
cal methods. Lethality calculations were done employing 
a single point method. Experiments using ethylene glycol 
as a model system in cans immersed in boiling water to verify 
the theoretical transient temperature were conducted. As 
the author pointed out, the quantitative agreement between 
calculation and experiment was poor, although the trends of 
the numerical data were similar to those of the experiment.
Bimbenet and Michiels (197*0 and Bimbenet and Duquenoy 
(197*0 developed a procedure to predict time-temperature 
relationships in canned foods heated by convection, for the 
special case of convection with perfect mixing at constant 
heating temperature, utilizing the concept of the duration 
of a transfer unit (DTU). A numerical solution was presented 
for the case of solid particles inmersed in a liquid. 
Experiments showed fair agreement with theory.
Hiddink (1975) and Hiddink et al. (1975) studied the flow
patterns and temperature profiles in a cylindrical copper 
container with a length of 277 mm and a diameter of 178 mm. 
Water and two kinds of silicone fluids were used for the 
study. A half cylindrical brass container (length: 200 mm; 
dimeter: 180 mm) was employed for the flow visualization 
studies. As the wall temperature was raised from 30 to 115 
“C, the fluid close to the wall moved upwards due to the 
buoyancy forces resulting from a change in density. In this 
way, the boundary layer is formed. As this fluid reaches 
the top, it is deflected and spreads inwards over the. liquid 
surface. A horizontal layer of warm liquid is formed on the 
surface, which starts moving downwards forming a plume.
The phenomenon of thermal stratification, previous reported 
by Schwind and Vliet (196^-), takes place. As a consequence 
of bottom heating, a series of liquid eruptions were observed 
at random intervals of time, which were called "eddies" by 
the authors. These "eddies" penetrate a certain distance 
into the upper parts of the liquid. In the beginning the 
height of the "eddy" region is about eighty percent of the 
total liquid height in the container. As heating proceeds, 
the "eddy" region diminishes until a height of about twenty 
five percent of the total height, remaining essentially 
constant during the remainder of the heating period. The 
temperature in the lower zone of the container was almost 
uniform, while in the upper part there was and increasing 
gradient towards -the surface originated from the stratifi­
cation process. The radial temperature profile was flat in 
the plume, but very steep in the boundary layer zone near 
the sidewall. The fluid patterns for other fluids (water 
and viscous silicone) were similar in .nature. The thickness 
of the boundary layer increased and the velocity profile 
decreased with an increase in the fluid viscosity.
Hiddink et al. (1975) presented a simplified model that 
considered three zones for the prediction of temperature in 
the container: a convection boundary layer on the wall, a 
stratified region on the upper part, and an unstratified 
region on the~ lower part of the container. From the energy 
equations for each zone, the heating process could be 
predicted, using an approach similar to that of Vliet (1966). 
The process was idealized as a number of perfectly mixed 
tanks in series. A cascade arrangement of five tanks was 
chosen. The calculated temperature profiles were in reason­
able agreement with the experimental data presented by 
Hiddink (1975)* The number of tanks in series was selected 
as five in order to provide agreement with the experimental 
data.
Prediction of Nutrient Retention During Thermal Processing 
of Canned Foods
Several models have been developed for the prediction of 
lethality and/or nutrient retention in conduction heated 
canned foods in cylindrical cans (Stumbo, 1953; Ball and 
Olson, 1957; Hayakawa, 1 9 6 9-b; Teixeira et al., 19&9; Jen st
al., 1971; Flambert and Deltour, 1972; Teixeira et al. , 1975 
-a; Barreiro el; al. , 1977; Lenz and Lund, 1977-a; Lenz and 
Lund, 1977 —"b). A critical review about some of these 
methods was presented by Hayakawa (1978). Other procedures 
for rectangular cans heated by conduction were developed by 
Manson e_t al. (1970) and Herrera (1978). More recently 
Castillo (1979) presented a model for conduction heated 
products in retortable pouches.
Optimization techniques for optimal nutrient retention in 
the thermal sterilization of foods using the previous 
models have been presented in the literature (Teixeira et al. 
1969; Teixeira et al., 1975 — ; Harris and Karmas, 1975; 
Barreiro et al., 1978).
For canned products heated by convection there are no 
accurate methods for the prediction of general time-temper- 
ature relationships, except the Bimbenet and Michiels (197*0 
model, which is restricted to the particular case of perfect 
mixing. Therefore, the theoretical calculation of lethality 
and quality factor degradation can not be performed 
satisfactorily with the present existing methods.
Stevens (1972), Bimbenet and Duquenoy (197*0 and Hiddink 
(1975) have reported methods for predicting heat transfer by 
convection which might be used for lethality and nutrient 
retention calculations.
The model of Steyens (1972) did not give satisfactory 
results due to the simplifications done in order to solve
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the theoretical equations for conservation of mass, energy 
and momentum. The model of Bimbenet and Duquenoy (197*0 
is restricted to those cases in which perfect mixing exists. 
Hiddink (1975) and Hiddink et, al. (1975) presented a model 
based on a simulation of the process assuming a number of 
tanks in series, with the serious drawback that the number 
of tanks had to be assigned arbitrarily in order to match 
the experimental data, therefore restricting, the predictive 
use of the model.
Kinetics of Thermal Destruction of Nutrients
Most of the microorganisms, vitamins, enzymes and other 
quality factors present first order degradation kinetics 
when exposed: to heat.
Thiamine or vitamin is thermolabile in the range of 
low acid and basic pH, but thermoresistant at acid pH 
(DeRitter, 1976). For this reason it has been extensively 
studied from the kinetic point of view and has been 
considered as an index of sterilization efficiency (Mulley 
et al., 1975-a)
Beadle et al. (19^3)» Booth (19^3) and Farrer (19*1-5) 
determined the effect of pH and buffer solutions on the 
thermal destruction of thiamine or thiamine containing 
compounds, noting a first order reaction kinetics. Glifcorn 
(19^8) pointed out that other authors reported first order 
kinetics for the thermal degradation of thiamine in pork 
meat.
26
Feliciotti and Esselen (1957) presented data for the 
kinetic constants of thiamine degradation by heat in 
phosphate buffers, meats and vegetables in a temperature 
range from 108.8 to 1^8.8°G. The Arrhenius' equation is 
satisfied by these data. More recently Mulley et slL. (1975- 
b), studied the effect of pH and the form of vitamin 
presenting kinetic data for buffer solutions.
There is a general agreement about the first order 
reaction kinetics for the thermal destruction of thiamine, 
however, Bendix et aj., (1951) found deviations from this 
behavior v/hich were attributed to initial irregularities 
and a lack of the ideal conditions for the operation of the 
equipment (Mulley et al., 1975-b).
The chemistry of thiamine degradation in food products 
and model systems has been reviewed in detail by Dwivedi and 
Arnold (1973)* Under basic or neutral conditions the 
destruction is caused by the separation of the thiazole and 
pyrimidine moieties. The reaction mechanisms and the nature 
of the degradation products are covered in this review.
Other nutrients, such as ascorbic acid (Wanninger, 1972), 
methylmethionine (Williams and Nelson, 197^)* and panthotenic 
acid (Hamm and Lund, 1978) show first order reaction kinetics 
for their thermal destruction. This fact may be extended 
to the majority of nutrients and several organoleptic 
factors (Harris and Karmas, 1975)-
MATERIALS AND METHODS
1. DEVELOPMENT OF THE MODELS
Although the classic papers on convection heated 
products recommend the design of thermal processes based 
on the heat penetration data obtained at the "cold point" 
of the container, located where the central axis crosses 
the lower part of the can, this work follows the 
recommendations indicated by Stumbo (1973)« As mentioned 
before, Stumbo suggests the utilization of the geometrical 
center of the can for the heat penetration studies in 
convection heated foods, due to the fact that any particle 
within the fluid is in circulation, "so that it is 
subjected to varying lethalities during the process, 
depending on its location and the local temperatures and 
velocities. The temperature at the geometrical center is 
representative of the temperature history at which a particle 
is subjected to yield an average integrated value of the 
lethalities or nutrient destruction at which the particle 
is exposed during its traveling inside the can.
It has been shown (Schwind and Vliet, 1 9 6^* Vliet, 1 9 6 6; 
Hiddink, 1975; Hiddink et al., 1975) that the so called 
"cold point" does not exist. Today this "point" is
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referred as the "cold region". The "boundaries of this 
region are not very well defined and change with respect 
to space and time as the heating process proceeds. On the 
other hand, the flow patterns studied showed mass circulation 
inside the can, therefore, any particle is in continuous 
movement until equilibrium is reached, being subjected to 
different temperatures.
There are two practical ways of measuring the temperature 
inside the can for convection heated products. The first 
consists in the use of calorimetric techniques which are able 
to measure the bulk temperature inside the can (Evans and 
Stefany, 1966; Jowitt and Mynott, 197^)* The other technique 
utilizes thermocouples for the measurement of the temperature 
at a single point of the container, being frequently used in 
heat penetration studies (Alstrand and Ecklund, 1952).
Jowitt and Mynott (197^) determined that the bulk temperature 
is always greater than the temperature measured at the center 
of the car. that in turn is greater than that in the "cold 
zone".
The single point technique was preferred in this research 
because the bulk temperature could lead to underprocessing 
when sterilization times are calculated from heat penetration 
data based on this temperature. Calculations based on the 
"cold zone" could lead to the opposite effect. From the 
nutrient retention standpoint bulk temperatures could yield 
low nutrient retention predictions for a given processing
time, while the temperature in the "cold zone" could give 
higher predictions for the same time. The central temper­
ature yields an intermediate value which is a better 
representation of the temperature history inside the can. 
This temperature is preferred for the estimation of nutrient 
retention in this work, as suggested by Stumbo (1973).
The temperature at the geometrical center is practically 
equal to the one corresponding to most of the central mass 
surrounding the central core (Charm, 1971; Hiddink, 1975; 
Hiddink et ,al., 1975)• In the case of perfect convection 
the mixing effect would be so fast that the temperature 
would be uniform (Jackson, 19^0). The temperature in the 
"cold zone" can be safe from the sterilization standpoint 
because it could lead to some overprocessing, but due to the 
relative stagnation present in this zone, as compared with 
the stratified and boundary layer zones, and to its relative 
lower temperature, this zone hardly can be representative 
of the time-temperature history of the whole container.
The driving force governing heat transfer is equal to the 
difference between the heated or cooled can wall temperature 
and the temperature of the central liquid core, which is 
assumed to be representative of the temperature of the 
whole mass, with exception of the thermal boundary 
layer. The studies presented by McAdams (195*0 indicated 
that the velocity profile for convection heated liquids 
in vertical surfaces increased as the distance from the
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bottom increased. A similar fact, but less pronounced, 
occurred with the temperature profile. The distance from 
the bottom employed to measure these effects ranged from 
1 to 2b cm. Most of the cans used in the food industry have 
sizes varying between 202x202 to 603x812, being the heights 
comprised between 5-^ to 22.2 cm, therefore, the temperature 
difference that can be expected in the boundary layer along 
the vertical wall of the can is not large.
The overall heat transfer coefficient is practically 
equal, during the heating period, to the internal heat trans­
fer coefficient because the external resistance and the can 
wall resistance to heat transfer are negligible in comparison 
with the internal resistance (Jowitt and Mynott, 197*0.
Assumptions and Considerations for the Development of the 
Models
The following assumptions and considerations should be 
taken into account for the development of the models:
1. Cylindrical cans, positioned vertically in a stationary
still retort, are considered in this study.
2. The product inside the container is a newtonian, non- 
compressible fluid.
3. Heat transfer inside the can occurs by natural convection 
mechanisms.
b. The liquid product is placed in cylindrical cans of
radius r and height h. Heat transfer takes place at all
the surfaces of the can, including both lids.
The physical and thermal properties of the product 
change with temperature according to the following general 
equations for the temperature ranges of the process:
k = ai ♦ bx T cx T2 (9)
e = a2 + b2 T + c2 T2 (10)c =p a3 + b3 T + c T^3 (11)
r = EXP( V T V (12)
/3 = - (l/p)(lePT) (13)
The coefficients of each equation must be evaluated from 
experimental data, or data already presented in the 
literature. In the case that the thermal properties 
could be correlated by other functions, the pertinent 
modifications should be done. Similar equations-to 
predict the heat capacity of food products were presented 
by Barreiro and Castillo (1972). Equation (13) was in­
dicated by Bird et al.(1966).
The initial temperature (Tq ) of the product is uniform 
in the container. For nutrients, the initial concentra­
tion (Co) is uniform and constant in the container.
The thermal resistance of the metal wall and the outside 
resistance during the heating period are negligible as 
compared with the internal resistance. For this reason, 
the overall heat transfer coefficient is practically equal 
to the internal coefficient in this period.
The amount of heat absorbed by the container is negligible 
as compared to that of the product.
9. During the heating period the temperature of the container 
wall is equal to that of the heating medium.
10. During the cooling period the wall temperature is assumed 
to be practically equal to that of the cooling medium; 
however, the overall heat transfer coefficient should be 
calculated from the equations
(1/U) = (l/he) + (l/hc) + (x/km ) (1*0
11. The temperature at the geometrical center of the can (T) 
is considered in this research as representative of the 
whole liquid mass, being the driving force for heat 
transfer the temperature difference between the can 
wall and the center of the container.
12. The temperature of the thermal boundary layer (Tf) is 
estimated as the arithmetic mean between the wall temper­
ature (T ) and the temperature of the liquid mass near 
this zone (T), which is considered to be equal to the 
temperature at the center.
13. The thickness of the boundary layer is considered to be 
small as compared to the can radius.
I*!'. The characteristic length (L) to estimate heat transfer 
coefficients is constituted by the height plus two times 
the radius of the can*
L = h + 2r (15)
Due to symmetry, the length of the path, along which heat 
transfer takes place,is the height plus half the diameter 
of each lid.
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15. The internal heat transfer coefficient can be evaluated 
from a non-dimensional relationship of the type (Evans 
and Stefany, 1966):
Nu = a (Gr Pr)b (16)
16. The kinetics of thermal destruction of nutrients (or 
microorganisms) considered for this model is of the first 
order. The reaction velocity constant follows Arrhenius' 
equation.
17. When cooling starts, the temperature inside the can is 
equal to that at the end of the heating period.
18. The retort temperature during the "come up" and "come 
down" times varies linearly from the starting temperature 
at the retort when steam is connected or shut off,
to the processing temperature during heating and cooling.
The heating temperature (T ) and the cooling temperature
(T ) remain constant during processing (Figure 1). If the w
processing temperatures are variable with time, the 
pertinent modifications should be done. Stages I and III 
in Figure 1 represent the "come up" and "come down" times, 
while stages II and IV represent the heating and cooling 












Figure 1. Idealized time-temperature relationships during processing.
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Mathematical Model for the Prediction of Time-Temperature
Relationships at the Center of the Gan
The heat absorbed by the product is given by:
dq = m Cp(T) dT (1?)
The heat transferred from•the surroundings to the product is:
dq = U(T) A (T - T) dt (18)s
Equalizing (17) and (18) and separating variables:
C_(T) dT/(U(T)(T_ - T)) = A dt/m (19)
The mass in the container can be estimated from the equation:
m = V f(T0 ) (20)
being V = 77r2 h (21)
The heat transfer area of the can may be calculated from -the 
relation
A = 2nr h + 2^r2 = 2vr(h + r) (22)
Substituting (20), (21) and (22) in (19):
C (T) dT/(U(T)(Tg-T)) = (2(r + h)/r h/?(T0))dt (23)
Equation (23) is a first order differential equation with
separate variables. Integrating between the limits T and TQ ,
and 0 and t: 
f T C-.(T) dT/(U(T)(T -T)) = (2(r + h)/r h ^ ( T 0)) t (2*0
J T0
This equation relates the temperature with the processing 
time and other properties of the fluid. In order to solve it 
the heat transfer coefficient U must be evaluated from the 
non-dimensional equation:
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Nu = a (Gr Pr)b (25)
being the characteristic length of the heat transfer path 
equal to (h ♦ 2r). The constants (a and b) were determined in 
this work for the conditions prevailing during the thermal 
processing of canned products heated by convection.
Equation (2^) can be solved for the boundary and initial 
conditions existing in the various stages of the process.
The thermal and physical properties of the product required 
for the estimation of the heat transfer coefficient (U) 
from equation (2 5)> should be evaluated at the thermal 
boundary layer temperature using equation (7).
The boundary and initial conditions change depending on 
the stages of the process (Figure 1). The conditions for 
the different stages will be discussed separately.
Heating -period
1. Stage Is 0 < t <
The retort "come up" time could be significant in compari­
son to the heating time. The variation of the temperature in 
the retort .during the "come up" time is assumed to be linear, 
varying between the initial temperature in the retort (Ta) 
and the processing temperature (T ). Because of the assump - 
tion that the temperature in the retort is equal to the 
product surface temperature at the can wall, this linear 
variation may be expressed as!
Ts = ((Tv-Ta)/tiaJh> t ♦ Ta <26)
Therefore, for stage I, equation (24) turns into:
'T ,
T1Cp(T)dT/(D(T)(((Tv-Ta)t/tiaJh+ Ta)-T)) =
(2(r ♦ h)/r h /=• (TQ )) tiaJh (2 7)
2. Stage II: tia^h <r t <th
In this case Tg = Ty and equation (24) is transformed into 
C (T)dT/(U(T) (Tv-T)) = (2(r + h)/r h/°(Tn )Th,
i j  P
1 - tiajh’ (28)
Cooling period
3. Stage III: 0 < t
Again, the retort temperature is assumed to vary linearly
during the "come down" time:
T = T -((T -T )/t. • ) t (29)s v ' v w'' iajc' v 7/
Therefore, substituting (29) into (24):
°T
2C (T)dT/(U(T)(((T -(T -T )t/t._ . )-T)) = ̂rp P V V W  J.d.JC
h (2(r > h)/r h/0(TQ)) ti & .Q (30)
4. Stage IV: t. . < t £ t& iajc c
In this stage T = T and equation (24) turns into:s w
cPTj cCp(T)dT/(U(T)(Tw-T)) = (2(r + h)/r h f ( T Q )).
Tz (tc - tiajc) (31)
During the heating period because of the high external
heat transfer coefficient, the overall heat transfer coef­
ficient is practically equal to the internal coefficient. 
During cooling the internal coefficient is comparable to the 
external one. The internal coefficient can be estimated 
using equation (2 5) > and the external coefficient by any of
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the existing equations used for vertical surfaces (McAdams,
195*0 •
It is necessary to point out that equation (2^) is 
completely general, and the temperature of the surface (T ) 
may be represented by any function being suitable 
for processes with variable surface temperature. Instead 
of using the integrated form represented by equation (2^), 
the model could also be solved employing the differential 
equation (2 3). utilizing numerical methods.
Mathematical Model for the Prediction of Nutrient Retention
Once the time-temperature relationships during thermal 
processing are predicted using the equations (2 3) or (2̂ -), 
it is possible to develop a model to predict nutrient 
retention.
Many nutrients, specially vitamins and aminoacids, 
present first order kinetics of thermal degradation. In 
this case (Daniels and Alberty, 1970):
d C(t) = - k 1 C(t) dt (32)
The velocity constant (k^) is a function of the temper­
ature (T). According to the Arrhenius’ equation, it can be 
demonstrated that:
kx = In 10/ D25q i q ((250-T)/Z)
Substituting (33) in (32):
dC(t)/ C(t) = -(lnl0/D25Q) EXP((T-250/(Z/lnl0)).
dt (3*0
Separating variables and integrating between C and Cq , and
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EXP( -(lnlo/D„c;n) EXP( (T-250)/( Z/lnlO))
0
dt) (35)
C/Cq is the fraction of nutrient remaining after a time 0 
of processing.
Equation (35) represents the mathematical model for 
nutrient retention and is valid for both, the heating and 
cooling periods.
The time-temperature dependency required to solve
equation (3 5) can be determined by solving equations (24) or
\
(23) for all the stages involved in the process. Graphical 
or numerical methods may be utilized to solve this equation.
2. DETERMINATION OF THE INTERNAL HEAT TRANSFER COEFFICIENT
Evans and Stefany (1966), performed the dimensional 
analysis of the equations for the conservation of mass, 
energy and momentum, in a study of convection heat transfer 
in liquids in cylindrical enclosures, following the method 
described by Heliums and Churchill (1 9 6 1). After some valid 
simplifications, the following dependency was shownj
It was demonstrated that the data could be related by an 
equation of the type:
with a=0.55 and b=0.25* A similar procedure was presented
Nu = f(Fo, Gr, Pr, L/D, X ) (36)
Nu = a(Gr Pr)^ = a Ra*5 (37)
by Jowitt and Mynott (197^)*
The approach of dimensional analysis for determining a 
non-dimensional relationship to predict an internal heat 
transfer coefficient was selected for this work because of 
the complexity and difficulty that is found solving the 
partial differential equations for natural convection in a 
cylindrical enclosure (Stevens, 1972).
In previous studies (Evans and Stefany, 1966; Jowitt and 
Mynott, 197^)» the internal height of the can was taken as 
the characteristic linear dimension in the Nusselt and 
Grashof numbers. For this work, the length of the heat 
transfer path was selected as the height plus two times the 
radius of the can (h + 2r), due to the fact that it is 
logical to include the upper and lower surfaces of the 
cylinder (both lids) through which heat transfer also takes 
place. In this way, the diameter and the height of the can 
are both taken into account when computing the heat transfer 
coefficient. This consideration may be significant for 
short cans, in which the diameter and height have comparable 
dimensions.
The previous studies based on the bulk temperature in the 
cylinder employed calorimetric techniques to determine this 
temperature in the cylinder. In this work the temperature 
at the center of the can was recorded utilizing potentiome- 
tric techniques for the reasons discussed previously.
Unlike previous works in this field, the variation of 
all the thermal and physical properties of the fluid 
products with temperature was considered in this research. 
All the properties were evaluated at the boundary layer 
temperature using equation (7).
The following parameters were studied?
1. Fluid properties. Three newtonian fluids with con­
trasting physical and thermal properties were employed: 
water, glycerine and motor oil. The properties of these 
fluids and their changes with temperature were taken from 
the literature (McAdams, 195^; Perry, 19^3; Reid and Sher­
wood, 1968; Kreith, 197^. Maraven, 1976). These properties 
and their variation with temperature are presented in Table
1. The coefficients presented in this Table are referred to 
equations (9) through (13)• All the temperatures are in 
degrees Fahrenheit unless otherwise specified.
2. Gan size. Two can sizes were used: 211x300 and 307x^-09.
3 . Thermal processes. Twenty-four processes were run, 
characterized by different initial temperatures (ranging 
from 64- to 125 0 F) and retort temperatures (from 236 to 
252 e F). The characteristics of these processes are 
indicated in Table 2.
In order to determine a correlation for the internal heat 
transfer coefficient, 24- heat penetration experiments were 
conducted for different processing temperatures, initial 
temperatures and "come up" times (Table 2). For this
Table 1. Thermal and physical properties of model systems. 
Model systems: water, glycerine and motor oil. 
Temperature range: 60 to 300 0 F.




0.301936 + 0.72478 10"3T 
-0.133782 10"2t 2
0.164 0.0813




1.01108 - 0.259904 10~3T
+ 0 . 1 0 7 0 6 2 10“5 t2
0.509+8.8461 10 T 0.4131+4.79157 lO^T
Viscosity 
(lb/ ft sec)
T in 0 Rankine
EXP(2710.8/T-12.455288) EXP(11?50./T- 22.28) EXP(7883.6/T- 16.64)
Volumetric ex­
pansion coef­
ficient (1/ 0 F)
0.02363// 0.02285?l/P 0.002213//
(*) Shell HVI-65/SAE 30-40.
Table 2. Experimental parameters used for the determination of a non-dimensional relation­
ship to estimate the internal heat transfer coefficient.
EXPERIMENT PRODUCT CAN SIZE To (CF) Tv (: F ) "tiajh (min) Ta(°F)
1 glycerine 307x409 64.0 246.0 1 . 8 73.0
2 glycerine 307x409 7 6 . 0 246.0 1 . 6 84.0
3 glycerine 307x409 1 2 5 . 0 246.0 1 . 6 9 0 . 04 glycerine 307x409 1 0 1 . 0 247.0 1 . 6 8 2 . 0
5 glycerine 307x409 114.0 2 5 2 . 0 1.7 77.0
6 glycerine 307x409 1 0 3 . 0 234.0 1.4 9 8 . 0
7 glycerine 307x409 7 0 . 0 2 3 6 . 0 1.5 74.0
8 glycerine 307x409 1 0 2 .0 237.0 1.5 1 1 0 . 0
9 glycerine 211x300 74.0 239.0 1 . 6 7 6 . 0
10 glycerine 211x300 1 2 0 .0 246.0 1 . 6 1 0 4 . 0
11 glycerine 211x300 1 1 5 .0 246.0 1.6 104.0
12 motor oil 307x409 68.0 249.0 1.7 74.0
13 motor oil 307x409 83.0 241.0 1.7 82.0
14 motor oil 307x409 68.0 238.0 1.8 74.0
15 motor oil 211x300 74.0 239.0 1.6 76.016 motor oil 211x300 1 1 5 .0 246.0 1.6 104.0
1? water 307x409 94.0 235.0 1.7 86.518 water 307x409 7 8.5 235.0 1.7 86.5
19 water 307x409 66.0 240.0 1.7 75.520 water 307x409 96.0 246.0 1.3 77.021 water 211x300 7 0 . 0 2 5 0 .0 1.5 71.022 water 211x300 112.0 250.0 1.5 71.0
23 water 211x300 95.0 241.0 1.7 8 7 . 024 water 211x300 114.0 241.0 1.7 8 7 . 0
purpose, an arrangement similar to that recommended by 
Ecklund (19^9). and Alstrand and Ecklund (1952), was uti­
lized. The heat penetration equipment consisted on a 
vertical still retort (Dixie, model RDSW-3), with temper­
ature control (t 1 c F) and a cooling system at atmospheric 
pressure; a time-temperature recorder (Leeds & Northrup, 
model Speedomax W) (+ 1CF); and copper-constantan needle 
thermocouples (Ellab, Belgic), specially protected.
Packer and Gamlen (197^)> pointed out that the convention 
al thermocouples recommended by Ecklund (19^9)* affect the 
internal currents of the fluid in the can due to their 
large size, altering the temperature measurements. The 
same fact was observed by the author of the present research 
in previous tests. For this reason, needle thermocouples 
(1 mm in diameter) were employed. The thermocouples were 
inserted in the can through a special gland. In order to 
reduce the error by conduction of heat through the needle., 
from the steam outside the can, a special protector con­
sisting of a stainless steel cylinder with four internal 
concentrical alternate layers of air and bakelite, was 
designed and constructed.
The depth of the needle inside the can was regulated 
without exposing the needle to the steam environment 
surrounding the can. This device was fixed to the gland 
in the body of the can with a nut and a small wrench.
^5
Several tests were conducted, showing negligible conduction 
of heat through the needle in processes at 250°F for 20 
minutes. Because of the small diameter of the needle, the 
distortion of the convection currents was minimal. The same 
reading for the temperature at the center of the can was 
obtained when the needle was introduced through the top, 
bottom and side of the can. For this work the needle was 
introduced through the top of the can.
Each of the twenty four runs was done in duplicate, 
in which the temperature at the center of the can was 
measured simultaneously in the two cans. These results 
were averaged. The cans were placed in vertical position, 
and a headspace of 0.25 in was left in each can. After 
filling, the cans were sealed in a manual sealing machine 
(Dixie).
The differential equation (23) was converted to a finite 
difference equation, and solved for the heat transfer coef­
ficients
U(T) = (Cp(T)/(Ts- T))(r h f(T0)/(2(r+h)).
(AT/At) (38)
The values of T are evaluated at the mean value of the 
interval A T .
Time intervals of half a minute were fixed ( At=0.50); 
the corresponding temperature differences (AT) were deter­
mined from the experimental heat penetration data. The 
middle point of these intervals is designed T and t.
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The heat transfer coefficient U(T) was calculated from 
equation (38). With the temperature values (T) and the 
calculated heat transfer coefficient known, the fluid 
properties were evaluated at the corresponding temperature, 
using the equations presented in Table 1. These values 
were introduced in equation (1 6) which can be expressed as: 
(hc(T)(h + 2r)/kf) = a (((h-2r) 3 Cf g /%(Ts-Tf)/
/̂ f2)(Cp/u/k)f)b (39)
In this case, the overall heat transfer coefficient is
practically equal to the internal coefficient. The
properties of the fluid were evaluated at the temperature:
Tf = (Ts + T)/ 2 (40)
The left and the right sides of equation (39) are used 
for the determination of the constants a and b. The non- 
dimensional numbers involved in equation (16) were
calculated as follows:
Nu = (hc(T)(h + 2r)/ kf) (41)
Gr « ((h+2r)3 ff2g,4<Ts-T p / f f 2) (42)
Pr = (C p /  k)f (43)
All the calculations were done employing a Fortran IV 
computer program specially written for this task. All the 
boundary conditions described before were considered. The 
output of this program consists of a series of values of 
In Nu and In (Gr Pr). These data were correlated and the 
regression analysis performed using the linearized equation: 
In Nu = In a + b In (Gr Pr) (44)
For the regression analysis, the University of Pittsburgh 
SPSS-10 (1 — 7 6), version 6.02B, computer program was 
utilized.
3. EXPERIMENTAL VERIFICATION OF THE MODELS
Verification of the Mathemathical Model for the Prediction of 
Time-Temperature Relationships at the Center of the Can
In order to evaluate the results for the determination of 
an internal heat transfer coefficient employing equation (39)» 
seven heat penetration experiments were conducted employing 
80^ glycerine-water solutions and water, can sizes of 211x 
3 0 0, 307x409» 401x^11, and different thermal processes 
which included different processing and cooling temperatures 
as well as "come up" and "come down" times. The characte­
ristics of these thermal processes are presented in Table 3* 
The properties of the glycerine and water solutions 
were evaluated from the properties of the pure components, 
employing the methods described by Reid and Sherwood (1 9 6 8). 
These properties are presented in Table k-. The properties 
of water were previously presented in Table 1.
Verification of the Mathematical Model for the Prediction 
of Nutrient Retention
In order to verify the results of the mathematical model 
developed in this work, the theoretical values predicted by 
equation (35) » employing the non-dimensional relationship
Table 3. Experimental parameters used for the verification of the mathematical model 
for predicting time-temperature relationships during convective thermal 





CAN SIZE Tq (-P) Ta(cF) TV(°F) Tw (c F) tiajh(mm) th(min) ^iajc(mm) tc(min)
1 G 307x^09 49.0 82.0 238.0 84. 0 1.5 10.0 3.0 15.0
2 G 307x409- 56.0 8 7 .O 244.0 86.0 1.0 1 3 . 0 4.0 1 3 . 0
3 G 401x411 42.0 85.0 249.0 8 3 .O 1.8 8.2 4.0 20.0
4 W 401x411 80.0 136.0 2 4 9 . 0 89.0 1.0 7.0 2.5 10.0
5 W 401x411 5 1 . 0 137.0 2 5 0 . 0 88.0 2.0 16.0 3.0 11.0 •
6 W 211x300 73.0 1 3 2 . 0 237.0 90.0 1.4 11.6 2.5 5.5
1 W 307x409 54.0 154.0 250.0 8 7 .O 1.2 18.8 2.8 7.2
(*) G:eighty percent glycerine-water solution; W: water.
Table Thermal and physical properties of the model system. 
Model system* 80% glycerine-water solution 
Temperature range* 60 to 300c F.
Thermal Conductivity 






T in 0 Rankine
Volumetric Expansion 
Coefficient (l/«F)
0.1751 + 6.1*4-8 10"-5 T - 1.136 10"7 T 2
(51.5379-3.36 T+5 .^ 0 1 10~^T2 )/(67.3^-0.023^8 T) 
0.609 + 6.559 10“^ T * 2.1^ 10"7 T2
EXP((6 6 7 7.2/ T) - I6 .7 6 6 7)
1
(1/(6 7 .3^-0 .0 2 3^8t))((3 .3 6-5 . 4 0 1 10~^T)/(° ~ e )
given by equation (3 9)» were compared against experimental 
values for thiamine retention. The predicted values were 
calculated by means of a computer program presented in 
Appendix G. For the theoretical resolution of the model 
it was assumed that the physical and thermal properties of 
the buffer solutions utilized as food models were similar 
to those of water.
The experimental evaluation was done utilizing a food 
model system, consisting on Sorensen's phosphate buffer at 
pH5-5» 6 .0 , 6 .5 . Thiamine was selected because it is 
easily dispersed in water and is thermolabile in the pH 
range studied. Values of £>250 for thiamine of 2^9*8, 1^8.7 
and 57*2 minutes, and a Z value of ^5°F, were obtained from 
the data presented by Feliciotti and Esselen (1957) for 
phosphate buffers at those pHs.
The Sorensen's phosphate buffers were prepared for each 
pH as indicated by Assumpcao and Morita (1 9 6 8) and Weast 
(197^)* The pH was checked and adjusted with a Coming 
pH-meter. All the reagents were pro-analysis (Merck). 
Thiamine in the form of thiamine hydrochloride was added in 
an approximate proportion of 5 mg/ 1 0 0 g of solution.
The solutions were canned with a headspace of 0.25 inche 
Prior to processing, the samples were thermally stabilized 
in a water bath or in a refrigerator (^0 °F). Before proces 
sing, the cans were shaken vigorously in order to equalize 
the temperature of the fluid.
The canned solutions were processed in a vertical still 
retort, as indicated before, for different periods and 
processing conditions. At the end of the heating period 
the cans were cooled with water at atmospheric pressure 
inside the retort until the internal central temperature 
was approximately 100 °F. The processed cans were placed 
in a refrigerator at ^0 ° F and analyzed for thiamine within 
2k hours.
Chemical analysis of thiamine
For the chemical analysis of thiamine, prior to and 
after processing, the thiochrome method, described in, 
detail in the literature (A.O.A.C., 1975). was followed. 
Before each analysis, special care was taken in mixing 
perfectly the canned samples.
Experimental design
Experimental nutrient retention was determined through 
six runs for different processing conditions (Table 13).
In each run, the fraction of thiamine retained was 
obtained in the following forms the food model was canned 
in four cans, one of them (control) was not processed, 
being analyzed for thiamine in triplicate, in order to 
determine the initial content of thiamine before processing. 
The other three cans were thermally processed and.analyzed 
for the residual content of thiamine.
In each thiamine analysis, enough quantity of solution
52
was prepared to perforin four replicates of each sample. 
Twelve replications of the processed samples and equal 
number for the control were obtained.
The data so obtained, were statistically analyzed 
employing a t-test. The averages, standard deviations 
and 95$ confidence intervals for the fraction of vitamin 
retained were calculated. The confidence intervals for the 
experimental values were compared with the theoretical 
values predicted by the model.
RESULTS AND DISCUSSION
Determination of the Internal Heat Transfer Coefficient
The results for the 24 heat penetration experiments 
indicated in Table 2 are presented in Appendix A. A For­
tran IV computer program to calculate the non-dimensional 
Nusselt, Grashof and Prandtl numbers from heat penetration 
data as a function of the physical and thermal properties 
of the fluids was written. This program is presented in 
Appendix B. The procedure followed was described in 
the previous chapter and involves equations (3 8) and (43).
The output of the program, which gives In Nu and In 
(Gr Pr), was fed to the Statistical Package for the Social 
Sciences (SPSS) of the University of Pittsburgh, in order 
to conduct a regression analysis of the data obtained, 
utilizing the linearized equation (44). A total of 469 
pair of values were utilized. These data are shown in 
Appendix B.
The results for the analysis of regression are presented 
in Table 5- A highly significant linear relationship 
between In Nu and In (Gr Pr) at the level of 0.00001 was 
found. A slope of b = 0.23 and an intercept In a = 0.4205 
were obtained. The last term corresponds to a value of
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Table 5. Analysis of regression.
In Nu = f(ln(Gr Pr))
H 0
H° : .s?’ * 0. a
SOURCE DEGREES OP 
FREEDOM
SUM OP SQUARES MEAN SQUARE F
Regression 1 126.04 126.04 168.9*
Error 467 342.96 0.73
Total 468 469.00
•ft#Highly significant (significant at a level of p< 0.00001) 
F .99,l,467= 6*7 '
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a = 1.523* Equation (4^) can, therefore, be written as:
Nu = 1.523 (Gr Pr)0,23 (^5 )
A correlation coefficient of 0.52 and a standard error of
the estimate of 0.73 were obtained.
Equation (^5) permits the estimation of the internal 
heat transfer coefficient for convection heated products 
in vertical cylindrical cans during their thermal processing. 
This equation is valid for Rayleigh numbers between 10  ̂
and 10**.
As indicated by other authors (Jowitt and Mynott, 197*+)* 
the Nusselt number decreases as the Rayleigh number 
decreases. These authors considered the bulk temperature of 
the fluid instead of the temperature at the center of the 
can used here. An equation to correlate the Nusselt and 
the Rayleigh numbers was not presented by them due to
insufficient data to perform the analysis of regression.
Evans and Stefany (i9 6 0) obtained values of a = 0.55 and 
b = 0.25 for Rayleigh numbers between 6xl03 and 6x10^. A 
maximum temperature of 50 0 C was tested in their work.
The bulk fluid temperature was employed and the characte­
ristic linear dimension in the Grashof and Nusselt numbers 
was taken as the height of the cylinder, with the initial 
temperature difference when heating was started as the 
temperature difference appearing in the Grashof number. The 
temperature difference at the beginning of the process is 
the largest existing during the heating period. As heating
progresses, this difference tends to decrease and after a 
long period approaches zero. For this reason, the Grashof 
number diminishes as heating progresses, although this effect 
is compensated in part by a decrease in viscosity. For the 
present research the instantaneous temperature difference 
was considered and, therefore, a greater intercept can be 
expected. The central temperature is always less than the 
bulk fluid temperature (Jowitt and Mynott, 197^)# therefore, 
the corresponding internal heat transfer coefficient, when 
calculating the central temperature, must be smaller than 
the internal coefficient to estimate bulk temperatures.
The heat transfer coefficient predicted by equation (^5) 
should be smaller than the ones existing when calculating 
bulk temperatures.
The value obtained for the slope (0.23) agrees very
closely to the value of 0.25 presented by Evans and Stefany
(1966), for closed vertical and horizontal cylinders.
This last value is identical to the one recommended by
McAdams (195^) for* vertical plates and cylinders for
Lf. gRayleigh numbers between 10 and 10 . Charm (1971) indicated 
that.the values obtained for the temperature, employing the 
values proposed by McAdams for the constants a and b of 
equation (6) (a=0.59; b=0 .2 5)» were deviated from 
the actual values. Jowitt and Mynott (197^) showed 
that the existing forms of the non-dimensional relationship
for convection in simple surfaces is inadequate for canned 
foods.
Experimental Verification of the Mathematical Model for the 
Prediction of Time-Temperature Relationships at the Center 
of the Gan
Seven experiments, utilizing the processing parameters 
indicated in Table 3 were conducted. The temperature at the 
center of the can predicted by the model for a given proces­
sing time was compared with that obtained experimentally 
from heat penetration data. For the theoretical prediction 
of the temperature, the non-dimensional equation (^5)» 
obtained in the previous section, was employed in conjunction 
with equations (23) or (2^). The computer program presented 
in Appendix C was developed for this purpose.
In this program the differential equation (23) was solved 
for the initial and boundary conditions of the process for 
each stage (Figure 1). The Runge-Kutta method was followed 
to solve this equation numerically.
The results obtained are presented in Tables 6 through 12 
and in Figures 2 through 8. The characteristics corre­
sponding to each experiment are indicated in Table 3* The 
values are reported every minute during the heating period 
and every other minute during cooling. Eighty percent 
glycerine-water solutions ajid water were the fluids selected 
for the study.
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Table 6. Experimental and predicted heat penetration data 
for experiment n°l: 8o7J glycerine-water; can 307x 
409? T0=^9.; Ta=82.; Tv=238.; Tw=84.; tiajh=1.5; 
t^-10.0; ^ a j c -'̂ * ’ "̂ £-1 5 *0 .
TIME (min) TEMPERATURE AT THE CENTER OF THE CAN (°F)
EXPERIMENTAL PREDICTED
0 A9 49 .0
1 62 9 0 . 0
2 134 1 5 4 . 0
3 186 188.54 204 2 0 7 . 0
5 217 218.26 224 224.6
7 228 228.88 231 231.4
9 232 233.210 234 234.4
11 235 235.3
13 228 220.5
15 190 166 .7
17 153 1 3 1 . 8
19 132 114.021 119 103.9
23 110 97.8
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Table 7- Experimental and predicted heat penetration data 
for experiment n°2 : 80/6 glycerine-water; can 307x 
409; Tq=56 . ; Ta=87.;Tv=2^.;Tw=86.; tiajh=1.0;
t. =13 *0 ; t. . = 4.0; t =1 3 .0 .h ^ lajc c ^
TIME (min) TEMPERATURE AT THE CENTER OF THE CAN (°F)
EXPERIMENTAL PREDICTED
0 56 5 6 . 0
1 106 114.0
2 184 1 7 1 . 0
3 210 200 .54 224 2 1 7 . 0
5 230 226.5
6 234 2 3 2 . 2
7 236 2 3 6 . 0





13 242 242.514 242 243.0
16 235 2 2 2 . 318 185 173.6
20 154 1 3 6 . 0
22 130 117 -0
24 118 106.5
26 111 1 0 0 . 0
28 105 9 6 . 130 102 93.4
6o
Table 8. Experimental and predicted heat penetration data 
for experiment n°3: 80% glycerine-water; can 401x
Mil V^2-' V 85'! V 83'! tiaoh=1'8i
th=8.2| 'tiajc=i4'-0 ! tc=20.0.





3 173 183.14 205 206.9






12 237 2 2 6 . 114 219 179.2
16 177 146.718 158 1 2 1 . 2
20 142 1 0 9 . 2
22 133 1 0 2 . 624 130 98.9
26 122 93.328 118 90.9
30 U 5 8 9 . 2
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Table 9- Experimental and predicted heat penetration data 
for experiment n°^i water; can kOlxkll; Tq=80.; 
Ta=136.; Tv=2^.; Tw=89 .; tia jh=l .0 ; ̂ 7 . 0  ;
tiajc=2,5s tc=10-0 '
TIME (min) TEMPERATURE AT THE CENTER OF THE CAN (°F)
EXPERIMENTAL PREDICTED
0 80 80 .0
1 173 1 6 7 . 02 205 219.2
3 227 2 3 6 . 0
k 236 2^2.3
5 2^0 2k5.56 2^2 2k6.9
7 2kk 2k7 .78 2k5 2^8.010 236 201.0
12 180 135.1
Ik 130 111.916 116 102.0
18 10 6 97.0
20 101 9k.2
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Table 10. Experimental and predicted heat penetration data
for experiment n°5* water; can 401x411; TQ=51.;
Ta=137.; Ty=2 5 0 .; Tw=88.; t.ajh=2.0; th=l6.0;
t. • =3-0; t =11.0. lajc c
TIME (min) TEMPERATURE AT THE CENTER OF THE CAN (°F)
EXPERIMENTAL PREDICTED
0 51 51.01 120 96.72 178 199.5
3 210 229.84 227 240.5
5 236 245.16 241 247.2
7 244 248.38 246 248.9
9 246 249-310 247 249.511 248 249.6
12 248 249.7
13 248 249.814 249 249.9
15 249 249.9
16 249 249.9
17 249 249.918 249 249.920 238 210.522 168 141.724 133 114.126 116 102.528 107 96.9
30 10 2 93.8
32 99 91.9
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Table 11. Experimental and predicted heat penetration data 
for experiment n°6: water; can 2 1 1x3 0 0 ; T q = 7 3 « ; 
Ta=132.; Tv=237.; Tw=90 . ; t . ^ 1 . * ;  th»11.6,
TIME (min) TEMPERATURE AT THE CENTER OF THE CAN (°P)
EXPERIMENTAL PREDICTED
0 73 73.01 162 16^.92 208 222.2
3 223 2 3 2 .^
229 235-. 1
5 232 236.16 23^ 236.6
7 235 236.78 236 236.8




19 106 100.521 100 95.5
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Table 12. Experimental and predicted heat penetration data 
for experiment n°7i water; can 307x^09; TQ=54.; 
Ta=154.; Tv=250.; Tw=8? .; tiajh=1.2; th=l8 .8 ;
tia,jc=5-5; tc=7,2-




2 202 220 .6









13 249 249.914 249 249.9
15 249 249.9
16 249 2 5 0 .0
17 249 2 5 0 .018 249 2 5 0 .0
19 249 2 5 0 .0
20 249 2 5 0 .0
22 238 2 0 2 .9
24 168 134.0





























Figure 2. Experimental and predicted heat penetration data for experiment n- 1: 
80# glycerine-water; can 307x^09;To=^9.;Ta=82.;TV=238.;TW=8^.;t;„ iVl=l.5jth=l0.; 




















Figure 3* Experimental and predicted heat penetration data for experiment n^ 2i 
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Figure 7 . Experimental and predicted heat penetration data for experiment n~ 6 :
water;can 211x300;T0 =73• ;Ta=1 3 2. ;TV=237 . ;T> 9 0  . ; tiajh=i . th=ll.6^tiajc
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It may be observed from Tables 6 through 12, and Figures 
2 through 8 , that there is a favorable agreement between 
experimental and predicted temperatures. The greatest 
deviations occurring at the beginning of the heating and 
at the end of the cooling periods. The deviations in the 
range of high lethality or nutrient destruction, above 21C°F 
were small in the majority of the cases, the predicted 
values approached the experimental ones as the center 
temperature reached the retort temperature. Greater 
deviations were observed for water than for the 80$ glycerin 
-water solutions. These phenomena might be due to the ther­
mal stratification existing around the central core in 
the beginning of the heating and cooling processes, 
v/hich induces a lag in the temperature increment until the 
process proceeds and circulation of mass and further 
stratification occurs, with the consequent change in the 
temperature at the center. The greater differences found 
for water could be originated by the mixing effect created 
by the eruptions that could be generated at the bottom as 
indicated by Hiddink et al. (1975)* The more viscous 
glycerine-water solution could retard or prevent this 
phenomenon.
In the majority of the cases, the theoretically predicted 
values had the tendency to be lower than the experimental va 
lues during the cooling period, perhaps due to an over-
estimation of the heat transfer coefficient which would 
result in the described effect.
Other models for canned products heated by convection, as 
the one developed by Stevens (1972), did not show results in 
good agreement with the experimental data. The model of 
Hiddink et al. (1975)» was not able to predict, in general 
form, theoretical temperatures without previously knowing 
the results in order to select the number of tanks in the 
model that would have made the experimental data match 
with predicted ones. For this reason, although the present 
model did not give good agreement for low fluid temperatures, 
mainly towards the end of the cooling period, the results 
for the heating period, in the range of high lethality, 
were reasonably close and therfore, it can be useful for the 
calculation of nutrient retention and lethality.
Experimental Verification of the Mathematical Model for the 
Prediction of Nutrient Retention
The results for the experimental evaluation of the model 
for nutrient retention are presented in Table 13• The 
mathematical model was solved by means of a Fortran IV 
computer program (Appendix C). The internal heat transfer 
coefficient was evaluated from equation (^5). Equations 
(2 3) and (35) were solved simultaneously utilizing numerical 
methods.
The experimental processing parameters were introduced
Table 13. Experimental and predicted fraction of thiamine retained in canned phosphate 
buffer solutions processed by thermal convection.
EXPERI
MENT
PH GAN SIZE TEMPERATURE (c F) TIME (min) FRACTION OF THIAMINE RETAINED
T0 Ta T T x v xw tiajh t. .iajc *0 Experimental(*)
Predicted
1 6.5 209x300 72. 152. 2 5 0 . 82. 1.2 31.1 1.9 4.8 0.298 + 0.024 0.291
2 6.5 209x201 74. 120. 230. 86. 1.1 33.4 2.1 3.5 0.664 + 0 .0 5 1 0.618
. 3 6.5 209x201 82. 141. 258. 88. 1.5 59.8 1.9 3-3 0.025 + 0 . 0 0 5 0 . 0 2 6
4 5.5 209x201 76. 120. 247. 89. 2.0 27.5 1.5 5.0 0.808 + 0 . 0 1 3 0.802
5 5.5 209x201 78. 134. 2 5 8 . 8 7 . 2.3 27.5 1.5 4.0 0.699 + 0.021 0.679
6 5.5 211x400 56. 114. 241. 86. 2.5 24.5 1.1 5.0 0.852 + 0.025 0.868
(*) 95% confidence interval of the experimental values.
-o
to the computer program and the thermal processes simulated 
for each case in a digital computer. The 95$ confidence 
intervals for the fraction of thiamine retained were 
calculated from the experimental values.
In all the six cases studied, the theoretically predicted 
values were within the 95$ confidence interval of the 
corresponding experimental values, being the deviations 
from the center of the interval of 0.3, 5-4, 4.0, 0.7. 2.9 
and 1.9$ in each case.
The results obtained are highly satisfactory due to the 
accuracy in the predictive value of the model in all the 
cases studied. Apparently this is the first model that 
predicts accurately and in general form nutrient retention 
during the thermal processing of products heated by convection 
in cylindrical cans.
The use of this model might be extended to the calculation 
of lethality for the design of sterilization processes, when 
the kinetic parameters of the microorganisms for which the 
process is designed are known. In the same way, other 
nutrients with first order kinetics of thermal destruction 
are suitable to be analyzed with the model and their retention 
predicted. The model could also be useful for the nutritional 
optimization of thermal processes for maximal nutrient 
retention of products heated by natural convection.
An important conclusion that can be drawn from the data 
obtained is that the utilization of the temperature at the 
center of the can to estimate nutrient retention seems to 
be sound. The nutrient destruction calculated, based on 
the temperature at the geometrical center of the can, agreed 
with the experimental retention found. The statement 
presented by Stumbo (1973) is, therefore, proved in view 
of the experimental values obtained. In this way, the 
temperature at the geometrical center of the can, and 
therefore, the thermal destruction of the nutrients at this 
point, is representative of the integrated thermal destruc­
tion to which a particle, moving within the can due to 
convection currents, is subjected during thermal processing. 
Therefore, this point is recommended for the prediction of 
nutrient retention.
The selection of the "cold zone" for designing steriliza­
tion process, could lead to excessive overprocessing, 
because more time is required to achieve a given lethality 
or nutrient retention. When the bulk temperature is chosen, 
which is higher than the temperature at the center, under­
processing may occur. This observation seems logical in view 
of the fact that when the consistency of the fluid increases, 
the convection currents tend to weaken and the product 
changes the mechanism of heat transfer to conduction. When
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conduction occurs the "cold point" of the container is
located at the center, and as the transition from convection
to conduction proceeds, the "cold zone" moves from the
bottom to the center of the can. Therefore, it could be
inferred that as the consistency of the fluid increases, the
nutrient retention prediction based on the geometrical
center of the container, would be higher than the actual
one, and a process based on it, will tend to induce some
overprocessing. For this reason, the model is recommended
for use with liquid products whose Rayleigh numbers, for
7 11the processing conditions, are between 10' and 10
SUMMARY AND CONCLUSIONS
A model for the prediction of time-temperature relation­
ships in canned products heated by convection was developed 
and experimentally verified. A non-dimensional equation that
relates the Nusselt and the Grashof and Prandtl numbers was
0 23found: Nu = 1.523 (Gr Pr) ‘ , for Rayleigh numbers between
'7 1110' and 10 . This equation makes possible the evaluation
of the internal heat transfer coefficient as a function of 
the processing parameters and the physical and thermal 
properties of the fluid, and permitted the estimation of the 
time-temperature relationships existing in the can during 
thermal processing.
Seven experimental runs were performed to test the 
theoretical predictions with actual heat penetration data.
A satisfactory agreement was found for the region of high 
lethality, above 210° F. The experimental values did not 
correspond closely with the predicted ones in the initial 
heating and final cooling periods, however, these findings 
do not belittle the value of the model in predicting nutrient 
retention at temperatures at which foods are usually 
processed and thermolabile nutrients affected (above 210° F).
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In the same manner, a model for the prediction of 
nutrient retention during thermal processing of products 
heated by convection was developed, utilizing the heat 
transfer equations and the first order kinetics equation 
for the nutrient studied. The model was verified by six 
experiments with different product pHs, can sizes, and 
processing parameters. All the theoretical values predicted 
by the model were within the 95>%° confidence interval of the 
experimental values. A Fortran IV computer program was 
developed to solve the model (Appendix C) and to perform 
the simulations of the actual processes in a digital 
computer.
The predicted values of thiamine retention corresponded 
closely with the experimental values, which prove that the 
model developed is valid and satisfactory.
The same model may be also used for the prediction of 
lethality and for the optimization of thermal processes 
for other food products heated by convection.
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LIST OP SYMBOLS
Latin Characters
2A s heat transfer area (ft )
a : constant (non-dimensional)
a^ : constants of equations (9.10,11,12,1 3)
b : constant (non-dimensional)
Ik : constants of equations (9,10,11,12,1 3 )
C : nutrient concentration (mg/100 g)
CQ : initial nutrient concentration (mg/100 g)
G : heat capacity (Btu/lb °F)P
c^ : constants of equations (9.10,11,12,1 3 )
D : diameter (ft)
^250 1 l̂ierinal decimal reduction time, to destroy 90% of
the nutrients at 250 6 F
Fo : Fourier number (non-dimensional)
pg : intensity of gravity (ft/hr )
Gr : Grashof number (non-dimensional)
h i can height (ft)
ph : internal heat transfer coefficient (Btu/hr ft 0 F)
?hg : external heat transfer coefficient (Btu/hr ft °F)
k : thermal conductivity (Btu/hr ft aF)
km s thermal conductivity of the metal can wall (Btu/hr -
ft °F)
: velocity constant (l/min)
91
92
L s characteristic length for heat transfer (ft)
m : mass of product (lb)
Nu s Nusselt number (non-dimensional)
Pr : Prandtl number (non-dimensional)
q : heat transfer rate (Btu/hr)
r : can radius (ft)
Ra : Rayleigh number (non-dimensional)
T s temperature (CF or °R)
Ta : initial temperature of the retort before steam on (°F)
Tc : temperature at the center of the can /'F)
Tf : temperature of the thermal boundary layer (^F)
\ j temperature at the can center at t^ (°F)
To : initial temperature (-F)
Ts : surface temperature (;JF)
T
V : heating medium(steam) temperature ('-'F)




: temperature at the can center at (:JF)
s temperature at the can center at t. . (VF)iajc
s time ( min or hr)
: cooling time (min)
th s heating time (min)
t . .iajc : "come down" time (min)
t . ..lajh
U
: "come up" time (min)
: overall heat transfer coefficient (Btu/hr ft^ °F)
93
V : can volume (ft^)
x : thickness of the can wall (ft)
Z : reciprocal of the slope of thermal decimal reduction
time curve (°F)
Greek Characters
: volumetric expansion coefficient (l/'F)
unbiased estimate of the slope o.f the regression line 
 ̂ j inclination angle of the can (radians)
p- : viscosity (lb/ft hr or lb/ft sec)
p : density (lb/ft^)
£ : total processing time (min)
Subscripts
c : refered to cooling
f : refered to the thermal boundary layer
h : refered to heating
APPENDIX A 
Results of Heat Penetration Experiments
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0 I MENS IGN T(50C), T N 5 C 0 )
NN= 2 3
CO 50 MM = 1,NN




57 FORMAT( 1H ,12)
WRITE (6,51) RCA, ROB, CPA, CPB, CPC
51 FORMAT (1H , •ROA =•, 1X ,F 11.6,3X,•ROB =',1X,F1A.8 ,3X,/
1'C PA=•,1X,F11.5,3X,• C PB = • ,1X,F12.9,3X,*CPC =• , IX , F 12.10)
WRITE (6, 52) VIA, VIB, TKA, TKB» TKC
52 FORMAT (1H ,‘VIA =*,IX,F10.A ,3X , *VIB =',1X,F13.A, 3X,/ 
l'TKA =•,1X,F11.6,3X,*TKB =»,IX,F 13.8,3X ,•TKC =*,1X,F1A.9)
READ!5,2) ALT,R A D ,T V ,TO , TI AJ , TA
2 FORMAT (6F1C.6)
WRITE (6,53) ALT, RAD
53 FORMAT ( 1H , 'ALT = • ,1X ,F 10.6,3X, 'RAO =',1X,F10.6)
WRITE (6,5A ) TV, TO,TIAJ,TA
5A FORMAT (1H ,'TV = • , 1X , F 10 . 6, 3X , 'TO = • , IX,F10.6,3 X ,«TIAJ =',F10.2, 
1* TA =• , IX,F 10.6)
REAC (5,2) K
3 FORMAT I 12)
WRITE (6,55)
55 FORMAT(1H ,'TEMPERATURE (F )•,5X ,•TI ME (MIN)*)
00 999 1=1,K
REAC (5,A ) T( I), T 1 (I)
A FORMAT 12F10.2)









PDA = 80.AA2900 ROB
PA= 0.50900 CPB =
VIA * 11750.COOO VIB 
KA = 0.16A00O TKB
ALT = A.5625C0 RAD
TV = 2A6.CC0CC0 TO = 
TEMPERATURE (F) TIM






































































ROA = 80.442900 ROB = C.C2285710
PA= 0.50900 CPB = 0.000884610 CPC = I
VIA = 11750.COCO VI8 = 22.2800
KA = 0.164000 TKB = C.CCCCCOOO TKC =
ALT = 4.562500 RAO = 1.718750
TV = 2 46.OOOGOO TO = 76.CC00CC TIAJ =




















ROA * 80.442900 ROB = C.C2285710
PA= 0.50900 CPB = 0.000884610 CPC =
VIA * 1175C.CC00 VIB = 22.2800
KA = 0.164000 TKB = O.COCOCCOO TKC
ALT * 4.562500 RAO = 1.718750
TV * 246.000000 TG = 125.00000C TIAJ =












































TV = 247.COOOOO 
TEMPERATURE (F)
1 0 1 . 0 0  















CPB = 0.CC0884610 CPC = 0.0000000000
Vie = 22.2800
TKB = C.OCCOCOCC TKC = 
RAO = 1.718750




















ROA = 80.442900 ROB C. C2285710
PA= C.50900 CPB = ’ 0.000884610 CPC = 0.0000000000
VIA = 11750. COOO VIB = 22.2800
KA = 0.164COO TKB = O.CCCCOOOO TKC = 0.000000000
ALT » 4.562500 RAO = 1.718750
TV = 254.000000 TO = 114.000000 TIAJ = 1.60TA = 75.CC000C

























BOA = 80.442900 ROB = C.C2285710
PA = 0.5 090 C CPB = 0.000884610 CPC =
VIA = 1175C.COOO VIB = 22.2800
KA = 0.164000 TKB a 0. CCCCCCOO TKC
ALT 4.5625C0 RAO = 1.718750
TV = 236.000000 TO = 7C.CCCC0C TIAJ =
























ROA = 80.442900 ROB 0.022 85710
PA= 0.50900 CPS = 0.000884610 CPC =
VIA a 1175C.C0C0 VIB = 22.2800
KA a 0.164000 TKB = O.COCCCOOO TKC
ALT = 4.5625C0 RAO = 1.718750
TV = 237.000000 TO = 102.00000C TIAJ =
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PA = 0.50900 CPB = 0.000884610 CPC = I
VIA = 11750.CCCO VIB = 22.2800
KA = 0.16 4000 TKB = O.CCCOOOOO TKC -
ALT = 3.0CC000 RAC = 1.343750
TV = 246.GC0000 TO = 120.C00COC TIAJ =

























VIA = 11750.COCO 
KA = 0.164000
ALT a 3.000000 
























CPB = 0.000884610 CPC = (
VIB = 22.2800
TKB = C.COCCOOOO TKC =
RAO = 1.343750
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BOA = 55.630720 BOB = C.00221300
PA= 0.41310 CPB = 0.000479160 CPC = 0.0000000000
VIA = 7883.6990 VIB = 16.6400
KA = 0.C 81300 TKB = O.OCCOOOOO TKC = 0.000000000
ALT = 4.5625C0 RAO = 1.718750
TV = 238.000000 TO = 68.C0G00C TIAJ = 1.80TA = 74.







































POA = 55.630720 ROB = C.CC221300
PA= 0.41310 CPB = 0.0004 79160 CPC = C.0000000000
VIA = 7883.6990 VIB = 16.6400
KA = 0.C 8 1300 7KB = O.CCCCCCOO TKC = C.COOOOOCOO
ALT = 3.000000 RAO = 1.34375C
TV = 239.00000C TC = 74.5QC0CC TIAJ = 1.60TA = 76.
























R O A  = 55.630720 RGB = Q.00221300
PA= 0.41310 CPB = 0.000479160 CPC = 0.0000000000
VIA * 7883.6990 Vie = 16.6400
KA =* 0.C81300 TKB = O.CCCOOOOO TKC = 0.000000 000
ALT * 3.000000 RAO = 1.343750
TV = 246.000000 TC = 115.000000 TIAJ = 1.60TA = 104.













































2 2 6 . 0 0






CPB = -C.000259904 CPC = < 
VIB = 15.4553
TKB = 0.C0072476 TKC =
RAO = 1.718750




















VIA a 271C .8000 
KA = 0.301936
ALT * 4.5625C0


















CPB = — 0.0 00 2 5S904 CPC = <
VIB = 15.4553
TKB = C.G0C72476 TKC =
RAO = 1.7187 50
























ROA = 64.067C60 ROB = C.C2363000
PA = 1.011C8 CPB = -0.0002599C4 CPC = 0.0000010706
VIA = 271C.8000 VIB = 12.4553
KA = 0.301936 TKB = 0.C0C72476 TKC = -0.000001337
ALT = 4.5625C0 RAC = 1.718750
TV = 240.COQCCC TC = 66.CC0C0C TIAJ = 1.70TA = 75.500000


















ROA = 64.067060 RGB = C.C2363000
PA= 1.01108 CPB = -0.000259904 CPC = 0.0000010706
VIA = 2710.8000 VIB = 12.4553
KA = 0.301936 TKB = 0.00C72476 TKC = -0.000001337
ALT = 4.56 25 CO RAO = 1. 718750
TV = 2 46.OOOGOC TO = 96.CCCC0C TIAJ = 1.30TA = 77.000000































CPB = -C.00025S9C4 CPC 
VIB = 12.4553
TKB = 0 . C0C72476
RAD = 1.343750
TO a 70.000000 TIAJ
C.0000010706
TKC = — 0.COOOQ1337
1.5JTA = 71.0C3OGC
























ROA = 64.C67C60 ROB = 0.C2363C00
PA= 1.01108 CPB = -0.000259904 CPC =
VIA = 271C.8000 VIB = 12.4553
KA = 0.301936 TKB = 0.C0C7247 6 TKC
ALT * 3.COOCCO RAO = 1.343750
TV = 2E0.0C0C00 TO = 112.000 COO TIAJ =

























1.50TA = 71. 000000
22
ROA = 6 4 . 0 6 7 0 6 0  ROB = 0 . 0 2 3 6 3 0 0 0
PA = 1 . 0 1 1 C 8  CPB = - 0 . 0 0 0 2 5 9 5 0 4  CPC = i
VIA = 2 7 1 0 . 8 0 0 0  VIB = 1 2 . 4 5 5 3
KA = 0 . 3 0 1 9 3 6  TKB = 0 . 0 0 0 7 2 4 7 6  TKC •
ALT = 3 . C C 0 0 0 0  RAO = 1 . 3 4 3 7 5 0
TV = 2 4 1 . 0 0 0 C 0 0  TO = 9 5 . 0 0 0 0 0 0  T IA J  =
TEMPEFATURE ( F ) TI  PE (MINI
9 5 . 0 0  0 . 0 0
9 6 . 0 0  0 . 2 5
1 0 0 . 0 0  0 . 5 0
1 1 0 . 0 0  0 . 7 5
1 2 8 . 0 0  1 . 0 0
1 5 0 . 0 0  1 . 2 5
1 7 3 . 0 0  1 . 5 0
1 8 8 . 0 0  1 . 7 5
2 0 0 . 0 0  2 . CO
2 1 0 . 5 0  2 . 2 5
2 1 8 . 5 0  2 . 5 0
2 2 4 . 5 0  2 . 7 5
2 2 8 . 0 0  3 . 0 0
2 3 1 . 0 0  3 . 2 5
2 3 2 . 5 0  3 . 5 0
2 3 4 . 0 0  3 . 7 5
2 3 5 . 5 0  4 . 0 0
2 3 7 . 0 0  4 . 2 5
2 3 8 . 0 0  4 . 5 0
2 3 8 . 7 0  4 . 7 5





























CPB = — O.0CC259904 CPC = ( 
VIB = 12.4553
TKB = 0.G0C72476 TKC =
RAD * 1.343750






























Computer Program and Data Obtained for the 
Numbers of Nusselt, Grashof and Prandtl for 
the Experiments Presented in Table 2
109
Jm .4 . W
J J O e  PAGES=40
C PROGRAM FOR CONVECTION IN CANS CALCULATIONS 
1 DIMENSION TI500I, TI(5CC), D E L T (500),DE L T I (500)
C
C T= TEMPERATURE (F)
C T 1= TIME (MIN)
C CP= FEAT CAPACITY (BTL/LB F)
C VIS= VISCOSITY (LB/FT SEC)
C RC= DENSITY (LB/FT**3)
C TK= THERMAL CCNCUCTIVITY (BTU/ HR FT F)
C 8TA= VOLUMETRIC EXPANSICN COEFFICIENT (I/F)
C ALT= FE1GFT OF THE CAN (INCHES)
C RAD= CAN RACIUS (INCHES)
C TV= STEAM TEMPERATURE (F)
C T0= INITIAL TEMPERATURE (F)
C TIAJ= CCME UP TIME (MIN)
C TA= INITIAL TEMPERATURE IN THE RETORT (F)
C G= INTENSITY OF G RAVITY(FT/HR**2)
C R0=RCA-R08*T
C CP=CPA+CPB*T*CPC*T**2
C VIS=EXP(V IA/T-V IB )





3 DO 5C M M = 1 ,NN
A REAC<5,73) R O A ,R O B . C P A ,CPB , CPC . VI A ,VI B ,TK A ,TK B ,TKC
5 73 FORMAT(F11.6,F14.8,F11.5,F12.9,F15.10,F10.4/
1F13.6,FU.6,F14.8,F14.9)
6 W R I T E (6,74) ROA,ROB,C P A ,CPB ,CPC , VI A,VIB,TKA,TKB,TKC
7 74 F O R M A T ( 1H ,F 11.6,F 14.8,F 11.5,F 12.9,3X,F12.10,3X ,FI0.4,
lF13.4iiFll«6*F13.8»F14.9)
8 BT A*ROB
9 R EA C (5,2 ) ALT ,RAD,TV,TO,TIAJ,TA
10 2 FORMAT (6F1C.6)
11 WRITE(6,75)ALT,RAD,TV,TO,TIAJ,TA
12 75 FORMAT ( 1H ,6F10.6)
13 WRITE (6,5)
14 5 F O R M A T (IX,T8,*U»,T21,'ZNU * , T36, *GRA• ,T51,'PRA' ,T64 , •GRAPRA* ,T81, •T
IV',T97,»T0',Till,'TIAJ')
15 REAC(5,3) K
16 3 F O R M A T (12)
17 W R I T E (6 , 76 ) K
1 8  76 F O R M A T ( 1H ,12)
C K NUMBER OF DATA PAIRS (T,TI)
15 G = 3 2 . 13
20 SF= RA0*ALT/((RA0+ALT}*2.)
21 TTT= (TV— TA)/TIAJ
22 REA0(5,4) T ( l ) . T K l )
23 4 FORMAT!2F10.2)
24 WRITE(6,77)T(1),TI(1)
25 77 F O R M A T ( 1H .2F1C.2)
C THE FIRST DATA PAIR IS FOP (T'3,0)
26 1*1
27 12 REA0(5,4) T I U I ) ,  T K I  + l)
28 WRITE(fc,77)T(I>l),TI(I + U  :
29 D E L T ( I )= T( 1*1)— T 11)
30 D E L T I ( I )= Tl (I + 1I -  T I ( I)
3 1  0- C E L T ( I ) /  CELT ! ( I)
22 TT I = ( T i l  1*11* T i l l ) 1 / 2 .
23 TT=( K I *11* T ( I )  1 / 2 .
34 RC = ROA -  ROB*T T
35 CP=CPA * CPB«TT ♦ CPC*TT**2
36 ROTO= ROA -  RQB*TQ
37 IFI TT1 -  T I A J )  6 9 . 7 0 . 7 C
28 69  U = CP*ROTO*SF*D*5. / (TTT*TTI * TA -  TT) *
39 TF=(TTT*TTl  ♦ TA ♦ T T ) / 2 .
40  GO TO 71
41 70 U= CP»POTO*SF*D*5. / (TV-TT)
42 TF = ( T V + T T I / 2 .
43 71 R0 = ROA -  ROB*TF
44 CP = CPA ♦ CPB*TF ♦ CPC*TF**2
45 TK= TKA + TKB*T F ♦ IKC*TF**2
46 VIS* E X P <  V I A / I 4 6 C . *  T F) -  VIBI
47 BETA* BTA/RC
48 ZNU* U*(ALT +■ 2 .*RAD) / { TK*1 2 . )
49  ZNU* ABS(ZNU)
50 ZNU*ALOG(ZNU)
51 I F ( T T I - T I A J )  6 9 9 , 7 0 0 , 7 0 0
52 6 9 9  GRA*(( ALT* 2 . *RAOI* * 3 ) * ( RO»*2) *G*BETA*ITTT*TTI*TA-TF 1 / < 1 7 2 B . « V I S * * 2
1)
52 GO TO 702
5 4 7C0 GRA=I(ALT*2 .*RAD) **3 )* ( R0 **2 )* G*8 ETA*( TV—T F ) / ( 1 7 2 8 . * V I S * * 2 I
55 7C2 PRA* 360C. *CP*VIS /TK
56 GRAPPA* GRA*PRA
57 GRAPRA* ABS( GRAPRA)
56 GRAPRA*ALOG(GRAPRA)
59  WRITE ( 6 , 6 )  U , ZNU,GRA,PRA,GRAPRA,TV, TO, TIAJ
6C 6 FORMAT( BE 1 5 . 5 )
61 I F ( K - l - l )  1 0 , 1 0 , 1 1
62 11 1=1*1
62 GO TO 12
64 10 WRITE I 6 , 5 8  EI
65 588 FORMAT ( 1H , / / )
66 IF(MH-NN) 5 0 , 1 9 , 1 9
67 50 CONTINUE
6e  19 STCP
65 ENC
JENTRY
8 0 , 4 4 2 9 0 0  0 . 0 2 2 8 5 7 1 0  0 . 5 0 9 0 0  0 . 0 0 0 8 9 4 6 1 0  0 . 0 0 0 0 0 0 0 0 0 0  1 1 7 5 0 . 0 0 0 0
4 . 5 6 2 5 0 0  1 . 7 1 8 7 5 0 2 4 6 . 0 0 0 0 0 0  6 4 . 0 0 0 0 0 0  1 . 8 0 0 0 0 0  7 3 . 0 0 0 0 0 0
ZNU GRA PRA GRAPRA
30
2 2 . 2 8 0 0
TV





6 4 . 0 0  
6 4 . 2 0  
0 .  16940E 01
0 . 0 0
0 . 5 0
C. 1 92 95 E 01 0 . B34 93E 03 0 . 7 3 9 7 3 E 04 0 . 15&J6E 02 0 . 2 4 6 0 0 E 03 0 . 6 4 0 0 0 E 02 0 . 1 8 0 0 0 E 01
6 5 . 0 0  
0 . 2 7 7 4 4 E 01
1 . 0 0
C . 2 42 29 E 01 0 . 1 3 1 2 8 E 05 0 . 3 0 1 3 8 E 04 0 . 17493E 02 0 . 2 4 6 0 0 E 03 0.64CCOE 02 0.180COE 01
6 6 . 3 0
0 . 2 6 5 0 8 E 01
1 . 5 0
0 . 2 4 5 0 0 E 01 C. 11683E 06 0 . 1 3 1 2 7 E 04 0 .  18S48E 0 2 0 . 2 4 6 0 0 E 03 0 . 6 4 0 0 0 E 02 o . i e o o o E 01
7 0 . 8 0
C . 7 3 2 01 E 01
2 . 0 0
C. 3393 0E 01 0 . 8 1 5 3 0 E C6 0 . S 9 5 4 3 E 03 0 . 2 C 00 5E 02 0 . 2 4 6 0 0 E 03 C. 64 0 00 E C2 0 . 1 8 0 0 0 E 01
8 4 . 0 0
0 . 2 2 2 9 0 E 02
2 . 5 0
C. 45 065 E 01 G. 12 150 E C7 0 . 4 8 7 2 2 E 03 0 • 2C199E 02 0 . 2 4 6 0 0 E 03 0 . 6 4 0 0 0 E 02 o . i e o o o E 01
1 2 4 . 0 0  
0 . 8 3 4 6 5  E 02
3 . CO
0 . 5 8 2 6 8 E 01 0 . 2 2 4 9 6 6 C 7 0 . 3 3 3 8 7 E 03 0 . 2 0 4 3 7 E 02 0 . 2 4 6 0 0 E 03 0 . 6 4 0 0 0 6 02 0 . 1 8 0 0 0 E 01
1 2 4 . 0 0
0 . 2 6 2 5 7 E 02
3 . 5 0




I S O . 20 4 . 0 0
O . 4 8 7 09 E 02 C. 52B99E 01
1 6 6 . 0 0 4 . 5 0
0 . 5 7 5  01E 02 C. 54 54 2E Cl
1 7 7 . 0 0 5 . 0 0
0 . 4 8 0 9 5 E 02 C . 5 27 5 6E Cl
1 6 6 . 5 0 5 . 5 0
0 . 4 8 8 2 5 E 02 0 . 5 2 9 0 7 E 01
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0 . 1 1 2 0 0 8 03 0 . 1 5 0 0 0 8 01
0 . 1 1 2 0 0 6 03 0 . 1 5 0 0 0 E 01
‘ 0 . 1 1 2 0 0 8 03 0 . 1 5 0 0 0 8 01
0 . U 2 0 0 E 03 0 . 1 5 0 0 0 E 01
0 . 1 1 2 0 0 8 03 0 . 1 5 0 0 0 8 01
0 . 1 1 2 0 0 8 03 0 . 1 5 0 0 0 E 01
0 . 1 1 2 0 0 8 03 0 . 1 5 0 0 0 E 01
0 . 3 0 1 9 3 6 0 . 0 0 0 7 2 4 7 6  - 0 . 01
TO TIAJ
0 . 9 5 0 0 0 8 02 0 . 1 7 0 0 0 8 01
0 . 9 5 0 0 0 8 02 0 . 1 7 0 C 0 8 01
0 . 9 5 0 0 0 8 02 0 . 1 7 0 0 0 8 01
0 . 9 5 0 0 0 8 02 0 . 17 CC0 E 01
1 5C .00  
C .  2 51 79 E 03
1 .2 5
C .5 7 3 6 9 E 01 C . 134666 10 0 .2 8 0 1 4 E 01 0 .2 2 0 5 1 E 02
1 7 3 .0 0
0 . 2 6 2 8 3 E 03
1 .5 0
C .5 7 6 4 9 E 01 C .1 8 1 3 0 E 10 0 .2 3 7 7 7 E 01 0 .2 2 1 8 4 E 02
1 8 8 .0 0  
0 .  16009E 03
1 .7 5
0 .5 2 5 6 7 E 01 C.2506CE 10 0 .2 0 7 1 3 E 01 0 .2 2 3 7 0 E 02
2CC.OO 
0 .  14663E 03
2 .0 0
0 .  5 1 6 6 8E 01 0 .2 4 6 6 8 E 10 0 .1 9 4 S 0 E 01 0 • 2 2 2 9 1 E 02
2 1 0 .5 0
0 . 1 6 8 9 9 E 03
2 . 2 5
0 .5 3 0 6 8 E 01 0 .1 9 9 9 6 E 10 0 .1 8 8 0 6 E 01 0 .2 2 0 4 8 E 02
2 1 8 .5 0  
0 .1 7 4 0 0 E 03
2 . 5 0
0 .5 3 3 4 6 E 01 0 .1 5 6 0 6 E 10 0 . 18304E 01 0 .2 1 7 7 3 E 02
2 2 4 .5 0  
0 .  17760E 03
2 . 7 5
0 .5 3 5 4 1 E 01 0 .1 1 9 3 4 E 10 0 .1 7 9 3 9 E 01 0 .2 1 4 8 4 E 02
2 2 8 . 0 0  
0 .  1 3711 E 03
3 . 0 0
C.5C947E 01 C .9 2 6 4 2 E 09 0 .1 7 6 9 9 E 01 0 .2 1 2 1 8 E 02
2 3 1 . 0 0
0 .1 5 0 8 4 E 03
3 . 2 5
0.51B5BE 01 C .73513E 09 0 .1 7 5 3 7 E 01 0 .2 0 9 7 7 E 02
2 3 2 .  50 
0 .S 3 8 1 6 E 02
3 . 5 0
C .4 7 1 4 6 E 01 C .5 9 8 5 2 E 09 0 .1 7 4 2 7 E 01 0 .2 0 7 6 5 E 02
2 3 4 . 0 0  
0 . 1  I201E 03
3 . 7 5
C .4 e9 1 7 E 01 0 .5 0 5 5 3 E 09 0 .1 7 3 5 5 E 01 0 .2 0 5 9 2 E 02
2 3 5 . 5 0
0 .1 2 8 S 5 E 03
4 . 0 0
C.5107CE 01 C.41CSSE 09 0 .1 7 2 8 3 E 01 0 .2 C 3 8 1 E 02
2 3 7 . 0 0  
0 .  18289E 03
4 . 2 5
0 .5 3 8 1 7 E Cl Q.31487E C9 0 . 1 7 2 1 1 6 01 0 .2 0 1 1 1 E 02
2 3 8 .0 0  
0 .  16552E 03
4 . 5 0
0 . 52818E 01 0 .2 3 3 5 6 E 09 0 .1 7 1 5 2 E 01 0 .1 9 8 0 8 E 02
2 3 8 . 7 0  
0 .  153 06E 03
4 . 7 5
C .52034E 01 0 .1 7 7 6 5 E 09 0 .  17112E 01 0 . 1 9 5 3 3 E 02
2 3 9 . 0 0
0 .8 C 8 6 4 E 02
5 . CO
0 .4 5 6 5 3 E 01 0 .1 4 4 5 2 E 09 0 .1 7 0 8 8 E 01 0 .1 9 3 2 5 E 02
6 4 . 0 6 7 0 6 0  0 . 0 2 3 6 3 0 0 0  1 . 0 1 1 0 8 - C . 0 0 0 2 5 9 9 0 4  0 .0 0 0 0 0 1 0 7 0 6  2 7 1 0 . 8 0 0 0
3 . CCOOOO 1 . 3 4 3 7 5 0 2 4 1 . 0 0 0 0 0 0 1 1 4 . 0 0 0 0 0 0  1 . 7 0 0 0 0 0  8 7 . 0 0 0 0 0 0
L ZNU GRA PRA GRAPRA
1 1 4 .0 0 0 . 0 0
1 1 6 .0 0 0 . 2 5
- 0 . 6 7 9 9 2 6 02 0 .4 4 8 3 3 E 01 - 0 .1 9 1 0 9 E 09 0 .4 5 8 7 1 E 01 0 .2 0 5 9 2 E 02
1 2 0 .0 0 0 . 5 0
0 .7 6 3 3 7 E 03 0 .6 8 8 6 9 E 01 C .4 1 8 5 9 E C8 Q .4 0 6 4 9 E 01 0 .1 8 9 5 2 E 02
1 2 9 .0 0 0 . 7 5
0 .2 6 6 8 8 E 03 0 .5 8 2 0 8 E 01 0 .3 3 6 9 9 E 09 0 . 3 5 7 0 4 6 01 0 .2 0 9 0 8 E 02
1 4 5 .0 0 l .C O
0 .3 1 0 0 3 6 03 0 .5 9 5 4 7 E 01 0 .6 6 5 9 4 E 09 0 .3 0 8 4 7 E 01 0 . 2 1 4 4 3 6 02
1 6 8 .0 0 1 . 2 5
0 .4 0 2 8 2 E 03 C .62006E 01 C .9 8 2 7 1 E 09 0 .2 6 2 4 0 E 01 0 . 2 1 6 7 1 E 02
1 9 0 .0 0 1 .5 0
0 .3 8 4 4 3 E 03 0 . 6 1404E 01 0 .1 3 1 4 3 6 10 0 .2 2 4 0 4 6 01 0 . 2 1 8 0 3 6 02
2 0 4 . 0 0 1 .7 5
0 . 2 1463E 03 0 .5 5 4 8 5 E 01 C . 191086 10 0 .1 9 6 7 6 E 01 0 . 2 2 0 4 8 E 02
2 1 3 . 0 0 2 . 0 0
0 . 1 5 8  276 03 0 .5 2 4 C 8 E 01 C . 185126 10 0 .1 8 6 2 T E 01 0 . 2 1 9 6 1 6 02
2 2 0 .0 0 2 . 2 5
0 .1 6 3 5 5 E C3 0 .5 2 7 2 4 E 01 0 .1 4 5 8 8 6 10 0 .1 8 1 9 8 6 01 0 .2 1 7 0 0 E 02
2 2 6 . 0 0 2 . 5 0
0 .1 9 1 C 7 E 03 0.5427C E Cl C . 111076 10 0 . 1 7 8 6 2 6 01 0 . 2  1408 E 02
0 . 2 4 1 0 0 6 03
0 .2 4 1 0 0 6 03
0 .2 4 1 0 0 6 03
0 .2 4 1 0 0 6 03
0 .2 4 1 0 0 6 03
0 . 2 4 1 0 0 6 03
0 .2 4 1 0 0 E 03
0 .2 4 1 0 0 E 03
0 .2 4 1 0 0 E 03
0 .2 4 1 0 0 E 03
0 . 2 4 1 0 0 6 03
0 .2 4 1 0 0 E 03
0 .2 4 1 0 0 E 03
0 .2 4 1 0 0 E 03
0 . 2 4 1 0 0 6 03
0 . 2 4 1 0 0 6 03
12.45-53
TV
0 .2 4 1 0 0 E  03 
0 . 2 4 1 0 0 E  03 
0 . 2 4 1 0 0 E  03 
0 .2 4 1 0 0 E  03 
0 .2 4 1 0 0 E  03 
0 .2 4 1 0 0 E  03 
0 .2 4 1 0 0 E  03 
0 .2 4 1 Q 0 E  03 
0 . 2 4 1 0 0 E  03 
0 .2 4 1 0 0 E  03
0 .9 5 0 0 0 E 02 0 .1 7 0 0 0 E 01
0 . 9 5 0 0 0 6 02 0 .1 7 0 0 0 6 01
0 .9 5 0 0 0 E 02 0 .1 7 0 0 0 6 01
0 . 9 5 0 0 0 E 02 0 . 1 7 0 0 0 6 01
0 .9 5 0 0 0 E 02 0 .1 7 0 0 0 E 01
0 .9 5 0 0 0 E 02 0 . 1 7 0 0 0 6 01
0 .9 5 0 0 0 E 02 0 .1 7 0 0 0 E 01
0 . 9 5 0 0 0 6 02 O.17C00E 01
0 .9 5 0 0 0 E 02 0 .1 7 0 0 0 6 01
0 . 9 5 0 0 0 6 02 0 .1 7 0 0 0 E 01
0 .9 5 0 0 0 E 02 0 .1 7 0 0 0 E 01
0 .9 5 0 0 0 E 02 0 .1 7 0 C 0 E 01
0 .9 5 0 0 0 E 02 0 .1 7 0 0 0 E 01
0 .9 5 C 0 0 E 02 0 .1 7 0 0 0 6 01
0 . 9 5 0 0 0 E 02 0 . 1 7 0 0 0 E 01
0 .9 5 0 0 0 E 02 0 .1 7 0 0 0 E 01
1 .3 0 1 9 3 6 0 . 000  72476  -<}. 0(
TO TIAJ
0 . U 4 0 0 E 03 0 .1 7 0 0 0 E 01
0 . 1 1400E 03 0.17CC0E 01
0 .1 1 4 0 0 E 03 0 .1 7 0 0 0 E 01
0 . 1 1 4 0 0 6 03 0 . 1 7 0 0 0 6 01
0 . 1 1 4 0 0 6 03 0 .1 7 0 0 0 6 0 1
0 .1 1 4 0 0 E 03 0 .1 7 C 0 0 E 01
0 . 1 1 4 0 0 6 03 0 .1 7 C 0 0 6 01
0 .1 1 4 0 0 E 03 0 .17C 00E 01
0 . 1 1400E 03 0.17COOE 01
0 . 1 1 4 0 0 6 03 0 .1 7 0 0 0 E 01
2 3 C .0 0 2 . 7 5
0 .  17657E 03 C .5 J4 7 4 E Cl
2 2 2 .0 0 3 . 0 0
0 . 1 1485F C 3 C .49170E 01
2 3 4 . 0 0 3 .2 5
0 .  14363E 03 C .51404E 01
2 2 5 .0 0 3 . 5 0
0 .8 B 4 1 7 E 02 0 .4 6 5 5 0 E 01
2 3 d . 50 3 . 7 5
0 .  16425E 03 0 .5 2 7 4 2 E 01
2 3 7 . 5 0 4 . 0 0
0 .1 4 3 7 6 E 03 C .51409E 01
2 3 8 .0 0 4 . 2 5
0 .E E 4 8 6 E C2 0 .4 6 5 5 5 E 01
2 3 9 . 0 0 4 . 5 0
0 .2 3 0 1 1 E 03 0 . 5 6 1 1 IE 01
2 3 9 . 5 0 4 . 7 5
0 .  164 39 E 03 C .52747E 01
2 4 0 . 0 0 5 . 0 0
0 . 2 3 0 1 8 E 03 0 .5 6 1 1 3 E 01
C .82429E 09 0 . 1 7 6 1 IE 01
C .64444E 09 0 .1 7 4 6 4 E 01
0 . 5 2 U 3 E 09 0 . 17367E 01
0 .4 2 6 8 5 E 09 0 . 17295E 01
0 .3 4 7 0 8 E 09 0 . 1 7 2 3 5 c 01
0 . 2 6 6 2 2 6 09 0 .1 7 1 7 6 E 01
0 .2 1 7 1 7 E 09 0 . 17140E 01
C .1 6 7 7 2 E 09 0 .1 7 1 0 5 E 01
0 .1 1 7 8 8 E 09 0 .1 7 0 7 0 E 01
0 . 84422E 08 0 .1 7 0 4 6 E 01
0 .2 1 0 9 6 E 02 0 . 2 4 IOOE 03
0 .2 0 8 4 1 E 02 Q .24100E 03
0 .2 0 6 2 3 E 02 0 .2 4 1 0 0 E 03
0 .2 0 4 2 0 E 02 0 .2 4 1 0 0 E 03
0 .2 0 2 0 9 E 02 0 .2 4 1 0 0 E 03
0 . 1 9 9 4  IE 02 0 .2 4 1 0 0 E 03
0 . 1 9 7 3 5 E 02 0 . 2 4 1 0 0 E 03
0 .1 9 4 7 5 E 02 0 .2 4 1 0 0 E 03
0 .1 9 1 2 0 E 02 0 .2 4 1 0 0 E 03
o • CD CD m 02 0 . 2 4 1 0 0 E 03
0 .1 1 4 0 0 E 03 0.170CQE 01
0 .1 1 4 0 0 E 03 0 .1 7 0 0 0 E 01
0 .1 1 4 0 0 E 03 0 .1 7 0 0 0 E 01
0 . 1 1 4 0 0 E 03 0 .1 7 0 0 0 E 01
0 .1 1 4 0 0 E 03 0 .1 7 0 0 0 E 01
0 .1 1 4 0 0 E 03 0 .1 7 0 0 0 E 01
0 . 1 1 4 0 0 6 03 0 .1 7 0 0 0 E 01
0 .1 1 4 0 0 E 03 0 .17C 00E 01
0 .1 1 4 0 0 E 03 0 .1 7 C 0 0 E 01
0 .1 1 4 0 0 E 03 0 .1 7 0 0 0 E 01
STATEMENTS EXECUTED* 15055
CORE LSAGE OBJECT CODE* 4 0 4 8  BYTES,ARRAY AREA* 8 0 0 0  BYTES,TOTAL AREA AVAILABLE* 4 0 5 5 0 4  BYTES
DIAGNCSTICS NUMBER OF ERRORS* 0 ,  NUMBER OF WARNINGS* 0 ,  NUMBER OF EXTENSIONS* 0
COMPILE TIME* 0 . 0 5  SEC.EXECUTION TIME* 0 . 5 2  SEC, 1 4 . 5 3 . 4 1  THURSDAY 10 MAY 79 WATF1V -  JUN 1577  V1L6
C1ST0P
APPENDIX C
Computer Program to Solve the Model for the 
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FORTRAN I V - P tU S  1/0 2 - 5  IP 0 8 : 2  3 : 0 6  1 6 - O C T -7 8  PAGE
CANNEW.Fi* /1H:HI.UCKS/WW
0 0 2 9  *9 = 0 . 2 5
0 0 3 0  I K  *PPP .G E .  1 . E 0 9  ) *A = 0 . 1 3
0031  I FI  *PPP .G E .  1 . E 0 9  ) w(- = 0 . 3 3 3 3
0 0 3 2  *PPP = wPPP»*Wb
0 0 3 3  "U = ( 1 2 .  * WTK ) / H 2R  * WA * WPPP
0 0 3 4  U. = *11 * U/C V»U + U J
0 0 3 5  RETURN
0 0 3 6  END
FORTRAN 1 V - P L . U S  V 0 2 - 5 I B  
C A N N E w . F T n / T R : 8 L 0 C K S / * R










0 0 1 0  


















F U N C TI O N  i S ( X )
I NCL UDE  ' C O M M O N . K I N '
COMMON RUA, RC iB , R 0 C . C P A , C P D , C P C , T K A . T K 8 . T K C , C 0 N S ,  V I S A ,  V I S B  
COM.m u n  T V . T 0 . T H . T A . T A F , T 1 A J H , T 1 A J C , R , H - ,  G , A , B , H 2 R . H 2 R 3  
C U mM()N r o d ,  h u e  
I F  C X . L E .  T I A J H  ) GO TO 1 0
I K (  X . O F .  T I A J H  . A N D .  X . L f c . ( T I A J H  ♦ T H)  ) GO TO 11
I F ( X .G E .  ( T I A J H  + TH ♦ T I A J C )  ) GO TO 1 2
TS  = -IT V - T A F ) / T I A J C  * X + T V- MT V - T A F ) / T I A J C  * ( T I A J H  + TH)
GO TO 1 0 1
I F ( X . L T .  (.4 * T I A J H )  ) GO TO 99
TS  = TV
RETURN
TS  = TO
GU TO 1 0 1
T S  = TV
GO TO 1 0 1
TS  = TAF
C O N T I N U E
F O R M A T ( I X , ' T S  =  ' ,  F I  0 . 5 )
RETURN
END
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